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&RQFHUQIRUWKHHQYLURQPHQWULVLQJRLOSULFHVDQGEDVLFDOO\QRQUHQHZDEOHRLOUHVRXUFHV
DUH PDLQ GULYLQJ IRUFHV IRU UHVHDUFK DFWLYLWLHV WKDW DUH DLPHG DW UHSODFLQJ SHWURFKHPLFDO
SURGXFWV ZLWK ELREDVHG PDWHULDOV 7DUJHWV LQFOXGH ELRSODVWLFV IRU SDFNDJLQJ EXLOGLQJ
PDWHULDOV DQG D UDQJH RI RWKHU SURGXFWV LQFOXGLQJ ¿EUHV 'HYHORSLQJ RI ELREDVHG
DOWHUQDWLYHVHYHQIRUDSDUWRIWKHJOREDOILEUHSURGXFWLRQPD\KDYHVLJQLILFDQWHQYLURQPHQWDO
EHQH¿WV$ IXUWKHUPRWLYDWLRQKDVDULVHQ IURPFRQVXPHUGHPDQGZLWKJURZWKRI WKH ³HFR
IULHQGO\´ DQG ³RUJDQLF´PDUNHWV LQ WH[WLOHV DVZHOO DV IRRGDQGRWKHUDUHDV UHÀHFWLQJ WKH
LQFUHDVHG SXEOLF LQWHUHVW DQG DZDUHQHVV RI HQYLURQPHQWDO LPSDFWV FDXVHG E\ JOREDO
LQGXVWULDODFWLYLWLHV>@
7KHV\QWKHVLVRIELRORJLFDOPDWHULDOV LQQDWXUHRFFXUVE\HQHUJ\HIILFLHQWSURFHVVHVDW
PRGHUDWHWHPSHUDWXUHVDQGORZSUHVVXUHXVLQJZDWHUDVWKHVROYHQW7KHORZHQHUJ\LQSXW
RI WKHVH SURFHVVHV LV FRPSHQVDWHG E\ WKH SUHFLVH PROHFXODU GHVLJQ RI WKH FRQVWLWXHQW
ELRSRO\PHUV ZKLFK GULYHV HIILFLHQW VHOIDVVHPEO\ RI ELRPDWHULDOV 2ZLQJ WR WKHLU VPDUW
GHVLJQ QDWXUDO PDWHULDOV RXWSHUIRUP PRVW PDQPDGH FRPSRVLWHV &ODVVLFDO H[DPSOHV RI
QDWXUDO KLJKSHUIRUPDQFH FRPSRVLWHV LQZKLFKPDWUL[ SURWHLQV FRQWURO WKH IRUPDWLRQ RI WKH
LQRUJDQLF FRPSRQHQW LQFOXGH DEDORQH VKHOOV ERQH DQG HQDPHO2WKHU QDWXUDO FRPSRVLWHV
ZLWK XQLTXH SURSHUWLHV LQFOXGH FDFWXV VSLQHV ZLWK KLJK GHJUHH RI VWLIIQHVV FRQWULEXWHG E\
DQDUDELQDQ FHOOXORVH FRPSRVLWH DQG WKH WXQLFV RI VHD SHDFKHV FRPSRVHG RI FHOOXORVH
SURWHLQV DQGPXFRSRO\VDFFKDULGHV /DVW EXW QRW OHDVW ZRRG LV SHUKDSV RQH RI WKHPRVW
FRPSOH[QDWXUDOFRPSRVLWHVXEVWDQFHVDQGLWLVZLGHO\XVHGDVDVWUXFWXUDOPDWHULDO>@
7KHUH LV DJURZLQJ LQWHUHVW LQ FHOOXORVH ,7KHDWWUDFWLYHQHVVRI WKLVPDWHULDO OLHV LQ LWV
DEXQGDQFH ELRORJLFDO RULJLQ KLHUDUFKLFDO VWUXFWXUH DQG LQKHUHQW SURSHUWLHV 7KH VPDOOHVW
GLVFHUQLEOHEXLOGLQJEORFNRIFHOOXORVH,LVILEULOZLWKODWHUDOGLPHQVLRQDERXWQP>@DQGWKLV
IDFW RSHQV PDQ\ SRVVLELOLWLHV LQ WKH ILOHG RI QDQRFRPSRVLWH VFLHQFH 6LPLODU WR WUDGLWLRQDO
PLFURFRPSRVLWHV QDQRFRPSRVLWHV XVH D PDWUL[ ZKHUH WKH QDQRVL]HG UHLQIRUFHPHQWV DUH
GLVSHUVHG7KHUHLQIRUFHPHQWLVFXUUHQWO\FRQVLGHUHGDVDQDQRSDUWLFOHZKHQDWOHDVWRQHRI
LWVGLPHQVLRQVLVOHVVWKDQQP7KLVSDUWLFXODUIHDWXUHSURYLGHVQDQRFRPSRVLWHVXQLTXH
DQGRXWVWDQGLQJSURSHUWLHVQHYHUIRXQGLQFRQYHQWLRQDOFRPSRVLWHV>@
,QWKHQH[WSDUWRIWKLVVWXG\SRVVLEOHH[SORLWDWLRQRIDQRWKHUDGYDQFHGPDWHULDO±FDUERQ
QDQRWXEHV &17V ± ZDV LQYHVWLJDWHG 6LQFH WKHLU GLVFRYHU\ &17V KDYH DWWUDFWHG
FRQVLGHUDEOH LQWHUHVW LQERWKDFDGHPLDDQGLQGXVWU\IRUWKHLUHQJLQHHULQJDSSOLFDWLRQVVXFK
DV HOHFWURQLF GHYLFHV ELRVHQVRUV ¿HOG HPLVVLRQ GLVSOD\V K\GURJHQ VWRUDJH DQG
FRPSRVLWHV RQDFFRXQWRI WKHLU H[WUDRUGLQDU\SK\VLFDO FKHPLFDODQGVWUXFWXUDO SURSHUWLHV
VXFK DV HOHFWULFDO PHFKDQLFDO DQG WKHUPDO FKDUDFWHULVWLFV &17V JHQHUDOO\ DJJUHJDWH LQ
ZDWHU EHFDXVH WKH\ DUH K\GURSKRELF DQG IRUP VWDELOL]HG EXQGOHV WKURXJK YDQ GHU:DDOV
IRUFHVUHVXOWLQJLQWKHIRUPDWLRQRIKROORZURSHV7KHUHIRUHDFKLHYLQJDJRRGGLVSHUVLRQRI
&17VLVRQHRIWKHNH\LVVXHVIRUYDULRXVDSSOLFDWLRQVRI&17V5HFHQWO\&17VKDYHEHHQ
XVHGLQELRDSSOLFDWLRQVVXFKDVFDQFHUWKHUDS\>@
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7KH DLP RI WKLV WKHVLV ZDV WR SUHSDUH DQG FKDUDFWHUL]H QDQRILEUHV EDVHG FRPSRVLWH
PDWHULDOV ,Q WKH ILUVW SDUW RI WKLV ZRUN D VXLWDEOH PHWKRG HQDEOLQJ GLVSHUVLRQ RI FDUERQ
QDQRWXEHV &17V ZDV GHYHORSHG 4XDOLW\ RI WKH GLVSHUVLRQ ZDV HYDOXDWHG E\ 6FDQQLQJ
(OHFWURQ 0LFURVFRS\ 6(0 )XUWKHUPRUH FRPSRVLWH PDWHULDOV FRQWDLQLQJ FHOOXORVH
QDQRILEUHVDQGFDUERQQDQRWXEHVZHUHSUHSDUHG7KHLUHOHFWULFDODQGPHFKDQLFDOSURSHUWLHV
DQG PRUSKRORJ\ ZHUH FKDUDFWHUL]HG 7KH HIIHFW RI GLIIHUHQW SUHWUHDWPHQWV RQ &17V ZDV
GLVFXVVHG
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 1DWXUDOILEUHV
1DWXUDO ¿EUHV DUH GLYLGHG EDVHG RQ WKHLU RULJLQV FRPLQJ IURP SODQWV DQLPDOV RU
PLQHUDOV$OO SODQW ¿EUHVDUH FRPSRVHGRI FHOOXORVHZKLOHDQLPDO ¿EUHV FRQVLVW RI SURWHLQV
KDLUVLONDQGZRRO3ODQW¿EUHV LQFOXGHEDVW RUVWHPRUVRIWVFOHUHQFK\PD¿EUHV OHDIRU
KDUG¿EUHVVHHGIUXLWZRRGFHUHDOVWUDZDQGRWKHUJUDVV¿EUHV2YHUWKHODVWIHZ\HDUVD
QXPEHU RI UHVHDUFKHUV KDYH EHHQ LQYROYHG LQ WKH H[SORLWDWLRQ RI QDWXUDO ¿EUHV DV ORDG
EHDULQJFRQVWLWXHQWVLQFRPSRVLWHPDWHULDOV7KHXVHRIQDWXUDOILEUHVLQFRPSRVLWHPDWHULDOV
KDVLQFUHDVHGGXHWRWKHLUORZFRVWDQGDELOLW\WRUHF\FOHDQGWKHIDFWWKDWWKH\FDQFRPSHWH
ZHOOLQWHUPVRIVWUHQJWKSHUZHLJKWRIPDWHULDO>@
1DWXUDO SODQW ¿EUHV FDQ EH FRQVLGHUHG DV QDWXUDOO\ RFFXUULQJ FRPSRVLWHV FRQVLVWLQJ
PDLQO\RI FHOOXORVH¿EULOV HPEHGGHG LQ OLJQLQPDWUL[7KHFHOOXORVH ¿EULOV DUHDOLJQHG LQ WKH
ORQJLWXGLQDO GLUHFWLRQRI WKH ¿EUHZKLFK UHQGHUPD[LPXP WHQVLOHDQG ÀH[XUDO VWUHQJWKV LQ
DGGLWLRQWRSURYLGLQJULJLGLW\7KHUHLQIRUFLQJHIILFLHQF\RIQDWXUDO¿EUHLVUHODWHGWRWKHQDWXUH
RI FHOOXORVH DQG LWV FU\VWDOOLQLW\ 7KH PDLQ FRPSRQHQWV RI QDWXUDO ¿EUHV DUH FHOOXORVH D
FHOOXORVH KHPLFHOOXORVHV KHWHURJHQHRXV JURXS RI EUDQFKHG SRO\VDFFKDULGHV OLJQLQ
DFRPSOH[ SKHQROLF SRO\PHU WKDW ILOOV WKH VSDFHV LQ WKH FHOO ZDOO EHWZHHQ FHOOXORVH
KHPLFHOOXORVHDQGSHFWLQ WKHUHE\FRQIHUULQJPHFKDQLFDOVWUHQJWKWRWKHFHOOZDOOV/LJQLQ LV
W\SLFDOO\ SUHVHQW LQ WKH VHFRQGDU\ FHOO ZDOOV RI WUHHV SHFWLQV DQRWKHU JURXSRI EUDQFKHG
SRO\VDFFKDULGHVFHPHQWLQJWRJHWKHUWKHSULPDU\ZDOOVRIDGMDFHQWSODQWFHOOVDQGZD[HV>@
 &HOOXORVHILEUHVWUXFWXUH
&HOOXORVH LV D VWUDLJKWFDUERK\GUDWHSRO\PHUFKDLQ FRQVLVWLQJRI VHYHUDOE'
JOXFRS\UDQRVHXQLWV,QFHOOXORVLFSODQW¿EUHVFHOOXORVHLVSUHVHQWLQDPRUSKRXVVWDWH
EXWDOVRDVVRFLDWHVWRFU\VWDOOLQHGRPDLQVWKURXJKLQWUDPROHFXODUK\GURJHQERQGLQJ>@
7KHPRVW VWDEOH FRQIRUPDWLRQ DERXW WKH ȕĺ OLQNDJH LQYROYHV DOWHUQDWLQJ  IOLSV RI
HYHU\ VHFRQG JOXFRVH XQLW VR WKDW WKH UHSHDWLQJ XQLW RI FHOOXORVH LV UDWKHU D FHOORELRVH
PROHFXOHWKDQDJOXFRVHXQLW7KHȕFRQILJXUDWLRQRIWKHJO\FRVLGLFERQGDOORZVWKHSRO\PHU
WR DGRSW D IXOO\ H[WHQGHG FRQIRUPDWLRQ )RU H[DPSOH DP\ORVH LV EXLOW XS E\ Įĺ
JO\FRVLGLF OLQNDJHVZKLFKDUHQDWXUDOO\EHQWFRQIHUULQJDJUDGXDOWXUQWRWKHSRO\PHUFKDLQ
UHVXOWLQJLQDKHOLFDOFRQIRUPDWLRQ>@
7KHH[WHQGHGFHOOXORVHFKDLQVIRUPDQDUUD\ZLWKWKHIODWJOXFRVHXQLWVIL[HGHGJH
WRHGJHE\K\GURJHQERQGV)LJ7KHVHVKHHWVDUHIXUWKHUVWDFNHGRQWRSRIHDFKRWKHU
DQGKHOGWRJHWKHUE\K\GURJHQERQGVDQGYDQGHU:DDOVLQWHUDFWLRQV7KLVQHWZRUNRIXSWR
 FHOOXORVH FKDLQV PDNHV XS WKH FU\VWDOOLQH FRUH RI WKH FHOOXORVH ILEULO 1DWLYH FHOOXORVH
FHOOXORVH,KDVWZRFU\VWDOOLQHDOORPRUSKV,ĮDQG,ȕ7KHPDLQGLIIHUHQFHEHWZHHQWKHWZR
FU\VWDOOLQHSKDVHVLVWKHUHODWLYHSRVLWLRQRIWKHFKDLQVZLWKUHVSHFWWRHDFKRWKHU&HOOXORVH
LQKLJKHUSODQWVZRRG\WLVVXHFRWWRQHWFFRQVLVWVPDLQO\RIWKH,ȕSKDVHZKHUHDVSULPLWLYH
RUJDQLVPVEDFWHULDDOJDHHWFDUHHQULFKHGLQWKH,ĮSKDVH>@
,I FHOOXORVH LV UHFU\VWDOOL]HG IRU H[DPSOH IURP EDVH RU &6 FHOOXORVH , JLYHV WKH
WKHUPRG\QDPLFDOO\PRUHVWDEOHFHOOXORVH ,,VWUXFWXUHZLWKDQDQWLSDUDOOHODUUDQJHPHQWRI WKH
VWUDQGV DQG VRPH LQWHUVKHHW K\GURJHQERQGLQJ &HOOXORVH ,,, LV IRUPHG IURP FHOOXORVH
PHUFHUL]HGLQDPPRQLDDQGLVVLPLODUFHOOXORVH,,EXWZLWKWKHFKDLQVSDUDOOHODVLQFHOOXORVH
,ĮDQGFHOOXORVH,ȕ>@





)LJ7KHVWUXFWXUHRIDFHOOXORVHVKHHWVKRZLQJWKHLQWUDDQGLQWHUFKDLQK\GURJHQERQGV>@

7KHFU\VWDOOLQHFHOOXORVHILEULO LV IXUWKHUFRYHUHGE\SDUDFU\VWDOOLQHFHOOXORVHDQGILQDOO\
VXUURXQGHG E\ KHPLFHOOXORVHV +HPLFHOOXORVHV LQFRUSRUDWH WKH DPRUSKRXV FHOOXORVH OD\HU
DQG  FURVVOLQN  WKH  LQGLYLGXDO  ILEULOV  DQG  IRUP  FRYDOHQW DVVRFLDWLRQV ZLWK  OLJQLQ$V
PHQWLRQHGDERYHWRJHWKHUZLWKVRPHSURWHLQVWKHVHILEUHFRPSRVLWHVPDNHXSWKHFHOOZDOO
)LJ±>@

)LJ7KHFHOOZDOOKLHUDUFK\IURPDVLQJOHFHOOXORVHSRO\PHUWRWKHFHOOXORVHILEUHFRPSRVLWH>@





)LJ0RGHORIZRRGPLFURILEULOVFRQVLVWLQJHOHPHQWDU\ILOEULOV>@
 0HFKDQLFDOSURSHUWLHVRIFHOOXORVH
7KHHODVWLFPRGXOXVRIWKHFHOOXORVH,FU\VWDOOLWHZKLFKLVWKHFU\VWDOOLQHFHOOXORVH
IURP W\SLFDO IRUSODQW¿EUHVKDVEHHQPHDVXUHG WREH*3D DQG HVWLPDWHV  IRU  WKH
VWUHQJWK  RI  WKH FHOOXORVH , FU\VWDOOLWH OLH LQ WKH RUGHU RI  *3D ,Q VSLWH RI WKH JRRG
PHFKDQLFDO SURSHUWLHV RI FHOOXORVH WKH VWUHQJWK RI FHOOXORVLF ¿EUHUHLQIRUFHG FRPSRVLWHV
UHPDLQV IDU EHORZ WKHSRWHQWLDO SURYLGHGE\ FHOOXORVH'XH WR WKHKHWHURJHQHRXVVWUXFWXUH
DQG FRPSRVLWLRQ RI SODQW ¿EUHV DQG LQVXIILFLHQW ¿EUHPDWUL[ FRPSDWLELOLW\ W\SLFDO UDQGRP
RULHQWHGSODQW¿EUHUHLQIRUFHGFRPSRVLWHVVKRZD WHQVLOHVWUHQJWKRI±03DDQGDQ
HODVWLFPRGXOXVRI±*3D>@

 6RXUFHVRIFHOOXORVH
&HOOXORVHLVSURGXFHGE\PDQ\VSHFLHVLQQDWXUHERWKSODQWVDQGRWKHURUJDQLVPV7KH
FHOO ZDOOV RI SODQWV DOJDH DQG RRP\FHWHV HJ ZDWHU PRXOGV DUH SULPDULO\ EXLOW XS E\
FHOOXORVH >@ &RQFHUQLQJ FHOOXORVH IURP KLJKHU SODQWV LW PD\ EH SUHVHQW LQ WKH SULPDU\
VHFRQGDU\DQG WHUWLDU\FHOOZDOODOWKRXJK WKHFRQWHQW LVYHU\ ORZ LQWKH WHUWLDU\ZDOO ,Q WKH
VHFRQGDU\ FHOO ZDOO RI ZRRG WUDFKHLGV WKH PLFURILEULOV DUH SUHGRPLQDQWO\ RUJDQL]HG LQ D
XQLGLUHFWLRQDOPDQQHU7KHDYHUDJHPLFURILEULODQJOHLVW\SLFDOO\±ZLWKUHVSHFWWRWKH
D[LDOGLUHFWLRQRIWKHWUDFKHLG,QWKHSULPDU\FHOOZDOOWKHFHOOXORVHLVLQWKHIRUPRIDZRYHQ
PHVKRIPLFURILEULOV>@
2QO\RQHJURXSRIDQLPDOV WKH WXQLFDWHV VHDDQLPDORIDURXQG±FP LQGLDPHWHU
WKDWFRQWDLQVDFPWKLFNFHOOXORVHWXQLFFDQV\QWKHVLVHFHOOXORVHZKLOH LW LVGLJHVWLEOHE\
DOO JUDVV DQG OHDYHHDWLQJ VSHFLHV 6RPH DFHWLF DFLG EDFWHULD IRU H[DPSOH $FHWREDFWHU
[\OLQXPDUHNQRZQWRV\QWKHVLVHDQGVHFUHWHFHOOXORVHLQWRWKHVXUURXQGLQJPHGLD>@

 1DWLYHFHOOXORVHFHOOXORVH,
 0LFURFU\VWDOOLQHFHOOXORVHFHOOXORVHQDQRFU\VWDOVZKLVNHUV
7KHWHUP³ZKLVNHUV´LVXVHGWRGHVLJQDWHHORQJDWHGURGOLNHQDQRSDUWLFOHV)LJZKLFK
KDYHDOVREHHQUHIHUHQFHGLQWKHOLWHUDWXUHDVPLFURILEULOVPLFURFU\VWDOVRUPLFURFU\VWDOOLWHV
GHVSLWHWKHLUQDQRVFDOHGLPHQVLRQV>@
6WDEOH DTXHRXV VXVSHQVLRQV RI FHOOXORVH QDQRFU\VWDOV FDQ EH SUHSDUHG E\ DFLG
K\GURO\VLVRI WKHELRPDVVRUWXQLFDWH7KHDPRUSKRXVUHJLRQVRIFHOOXORVHDFWDVVWUXFWXUDO




GHIHFWV DQG DUH UHVSRQVLEOH IRU WKH WUDQVYHUVH FOHDYDJH RI WKH PLFURILEULOV LQWR VKRUW
PLFURFU\VWDOVXQGHUDFLGK\GURO\VLV8QGHUFRQWUROOHGFRQGLWLRQVWKLVWUDQVIRUPDWLRQFRQVLVWV
RI WKH GLVUXSWLRQ RI DPRUSKRXV UHJLRQV VXUURXQGLQJ DQG HPEHGGHG ZLWKLQ WKH FHOOXORVH
PLFURILEULOVZKLOH OHDYLQJ WKHPLFURFU\VWDOOLQH VHJPHQWV LQWDFW )LJ  ,W LV DVFULEHG WR WKH
IDVWHUK\GURO\VLVNLQHWLFVRIDPRUSKRXVGRPDLQVFRPSDUHGWRFU\VWDOOLQHRQHV>@'HJUHHRI
SRO\PHULVDWLRQ'3GHSHQGVRQWKHFHOOXORVHVRXUFHDQGWUHDWPHQWSURFHGXUHDQGLVDERXW
± >@ 7KH OHQJWKRI WKH QDQRFHOOXORVH FU\VWDOV LV DOVR GHSHQGHQWRQ WKH VDPSOH
RULJLQEXWZKHQGHULYHGIURPZRRGVRXUFHVW\SLFDOO\WKH\DUH±QPLQOHQJWKDQG±
QP LQZLGWKDQG WKHPRGXOXVRI FHOOXORVH FU\VWDOKDVEHHQ UHSRUWHGDV±*3D
>@
:KLOH FHOOXORVH QDQRFU\VWDOV &1& REWDLQHG E\ K\GURFKORULF DFLG K\GURO\VLV H[KLELW
OLPLWHG GLVSHUVLELOLW\ LQ ZDWHU FRUUHVSRQGLQJ WUHDWPHQW ZLWK VXOSKXULF DFLG \LHOGV VXUIDFH
HVWHUL¿HG QDQRFU\VWDOV ZLWK QHJDWLYHO\ FKDUJHG VXOSKDWH JURXSV SURYLGLQJ HOHFWURVWDWLF
VWDELOL]DWLRQ LQ DTXHRXV VROXWLRQ )RUPDWLRQ RI FKLUDO QHPDWLF OLTXLG FU\VWDO SKDVHV LV WKH
UHVXOWRIVHOIRUGHULQJRIQDQRFU\VWDOV LQDTXHRXVVXVSHQVLRQ7KLVSKHQRPHQRQKDVPDGH
SRVVLEOHQHZDSSOLFDWLRQVEDVHGRQRSWLFDOSURSHUWLHVRIWKHVROLGL¿HGOLTXLGFU\VWDOV>@

1DWLYHFHOOXORVH &U\VWDOOLQHUHJLRQV $PRUSKRXVUHJLRQV
$FLGK\GURO\VLV
,QGLYLGXDO
QDQRFU\VWDOV
,QGLYLGXDOFHOOXORVH
SRO\PHU 
)LJ6FKHPDWLFLOOXVWUDWLRQRIFHOOXORVHQDQRFU\VWDOVSUHSDUDWLRQ>@

7KLVRUGHULQJSKHQRPHQRQFRUUHVSRQGVWRWKHKHOLFRLGDOSDFNLQJRIVHYHUDOQHPDWLFSODQHV
DQGKDVDOUHDG\EHHQREVHUYHGLQRWKHUELRORJLFDOV\VWHPVVXFKDVFKROHVWHURO>@






)LJ&HOOXORVHQDQRFU\VWDOVIURPZRRGSXOS>@

%HFDXVHFHOOXORVHQDQRFU\VWDOVH[KLELWYHU\JRRGPHFKDQLFDOSURSHUWLHVPDQ\DWWHPSWV
ZHUH PDGH WR XVH WKHP DV UHLQIRUFHPHQW LQ SRO\PHU FRPSRVLWHV 7KHUHIRUH WKHLU
FRPSDWLELOLW\ ZLWK QRQSRODU SRO\PHU PDWULFHV KDV OHG WR LQFUHDVHG LQWHUHVW LQ VXUIDFH
IXQFWLRQDOL]DWLRQ RI &1& +DVDQL DW DO >@ SHUIRUPHG WKH VXUIDFH FDWLRQL]DWLRQ RI +62
K\GURO\]HG &1& DQG LQYHVWLJDWHG VRPH SK\VLFDO SURSHUWLHV RI FDWLRQLFDOO\VWDELOL]HG
DTXHRXV&1&VXVSHQVLRQV)LJ$VFDWLRQL]DWLRQDJHQWHSR[\SURS\OWULPHWK\ODPPRQLXP
FKORULGH(370$&SUHYLRXVO\XVHGLQIXQFWLRQDOL]DWLRQRIIRUH[DPSOHFRWWRQOLQWHUVVWDUFK
[\ODQ DQG FKLWRVDQ ZDV XVHG 6XUIDFH FDWLRQL]DWLRQ RI &1& ZLWK (370$& UHVXOWV LQ
DTXHRXV VXVSHQVLRQV WKDW DUH HOHFWURVWDWLFDOO\ VWDELOL]HG E\ FDWLRQLF WULPHWK\ODPPRQLXP
FKORULGHJURXSV8VLQJPLOGDONDOLQH FDWLRQL]DWLRQ FU\VWDOOLQHPRUSKRORJ\DQGGLPHQVLRQRI
FHOOXORVH QDQRFU\VWDOV ZHUH SUHVHUYHG ZKLOH UHVXOWLQJ LQ DQ H[WHQVLYH K\GURO\VLV RI WKH
DQLRQLF VXUIDFH VXOSKDWHHVWHUJURXSV7KHFDWLRQL]DWLRQ OHDGV WRDVOLJKW GHFUHDVH LQ WRWDO
FDWLRQLFVXUIDFHFKDUJHGHQVLW\FRPSDUHG WR WKDWRI WKH LQLWLDO DQLRQLFFKDUJHGHQVLW\RI
WKH&1&VWDUWLQJPDWHULDO
 
)LJ$)0KHLJKWLPDJHVRI&1&RQPLFDDEHIRUHDQGEDIWHUIXQFWLRQDOL]DWLRQZLWK(370$&>@

*RHW] DW DO >@ UHSRUWHG WKH SUHSDUDWLRQ DQG FKDUDFWHUL]DWLRQ RI FHOOXORVH ZKLVNHUV
FURVVOLQNHG ZLWK SRO\PHWK\O YLQ\O HWKHUFRPDOHLF DFLG 309(0$ DQG SRO\HWK\OHQH
JO\FRO3(*V\VWHP,WLVWKHILUVWUHSRUWRQFURVVOLQNLQJRIFHOOXORVHZKLVNHUVDQGPDWUL[DQG
WKLVFURVVOLQNLQJPHWKRGRORJ\KDVEHHQGHYHORSHGIRUFUDIWFHOOXORVLF¿EUHV WRHQKDQFH WKH
ZDWHUDEVRUELQJSURSHUWLHVRIWUHDWHG¿EUHVDQGWKH\GHPRQVWUDWHWKDWFURVVOLQNHGFHOOXORVH
ZKLVNHUVDUHFDSDEOHRIIRUPLQJQRYHO¿OPOLNHPDWHULDOVWKDWH[KLELWXQLTXHZDWHUDEVRUELQJ
SURSHUWLHV




 0LFURILEULOODWHGFHOOXORVH0)&
&HOOXORVLF SXOS ¿EUHV FDQ EH GLVLQWHJUDWHG LQWR ¿QH IUDJPHQWV E\PHFKDQLFDO UH¿QLQJ
PHWKRGV+RZHYHUVXFKPHWKRGVWHQGHLWKHUWRGDPDJHWKHPLFUR¿EULOVWUXFWXUHE\UHGXFLQJ
PRODUPDVVDQGGHJUHHRIFU\VWDOOLQLW\RUIDLOWRVXIILFLHQWO\GLVLQWHJUDWHWKHSXOS¿EHU>@
$QRWKHUPHWKRGRI0)&SUHSDUDWLRQZDVWRSDVVDGLOXWHFHOOXORVLFZRRGSXOS¿EHUZDWHU
VXVSHQVLRQ WKURXJK D PHFKDQLFDO KRPRJHQL]HU ZKHUH D ODUJH SUHVVXUH GURS IDFLOLWDWHV
PLFUR¿EULOODWLRQ 7KH 0)& W\SLFDOO\ FRQVLVW RI GLVLQWHJUDWHG PLFUR¿EULO DJJUHJDWHV ZLWK D
ODWHUDOGLPHQVLRQLQWKHVFDOHRIWHQVRIQDQRPHWHUV,QRUGHUWRIDFLOLWDWHGLVLQWHJUDWLRQDQG
ORZHU WKH HQHUJ\ UHTXLUHPHQWV RQHPD\ UHGXFH ¿EUH OHQJWKE\PHFKDQLFDO FXWWLQJRU WKH
¿EUH FHOO ZDOO FDQ EH WUHDWHG DQG HPEULWWOHG E\ DFLG K\GURO\VLV SULRU WR KRPRJHQL]DWLRQ
+RZHYHUDFLGK\GURO\VLVFDQVLJQL¿FDQWO\ ORZHU WKHPROHFXODUZHLJKWRIFHOOXORVH$QRWKHU
W\SH RI SUHWUHDWPHQW LV XVLQJ WHWUDPHWK\OSLSHULGLQHR[\O 7(032 R[LGDWLRQ VWHS
SULRUWRPHFKDQLFDOWUHDWPHQW>@
7KH XVH RI HQ]\PDWLF SUHWUHDWPHQW )LJ  PD\ DOVR UHGXFH SURFHVVLQJ FRVW E\
GHFUHDVLQJWKHQXPEHURISDVVHVWKURXJKWKHKRPRJHQL]HUDQGKDVDGYDQWDJHVIURPWKH
HQYLURQPHQWDOSRLQWRIYLHZDVFRPSDUHGZLWKFKHPLFDOPHWKRGV>@
0)& QDQR¿EUHV DUH H[SHFWHG WR VKRZ KLJK VWLIIQHVV >@ ,WV SRO\PHU PROHFXOHV
FU\VWDOOL]H LQ H[WHQGHGFKDLQ FRQIRUPDWLRQ GXULQJ ELRV\QWKHVLV DQG IRUPPLFUR¿EULOVZLWK D
ODWHUDOGLPHQVLRQRIDURXQGQP>@


)LJ6(0LPDJHRIIUHH]HGULHG0)&SUHSDUHGE\XVLQJHQ]\PDWLFSUHWUHDWPHQW6FDOHEDULVPP>@

$IIRUGDEOH ODERUDWRU\ VFDOH SURGXFWLRQ RI 0)& DFFHOHUDWHG H[WHQVLYH UHVHDUFK LQ WKLV
DUHD 6HYHUDO UHFHQW SXEOLFDWLRQV GHPRQVWUDWH KRZ 0)& FDQ EH XWLOL]HG IRU YDULRXV
SXUSRVHV HJ LQ QDQRFRPSRVLWHV DV GLVSHUVLRQ VWDELOL]HUV DQG DV DQWLPLFURELDO ¿OPV
+RZHYHU OLWWOH KDV EHHQ UHSRUWHG DERXW WKH XVH RI 0)& LQ SDSHU DSSOLFDWLRQV RU WKH
SURSHUWLHVRISXUH0)&¿OPV>@
+HQULNVVRQ DW DO >@ SUHSDUHG DQG VWXGLHG FHOOXORVH QDQRSDSHU VWUXFWXUHV )LJ 
3UHYLRXVO\WKHSRURXVQDWXUHRIWKHQDQR¿EULOQHWZRUNZDVQRWZLGHO\GLVFXVVHGLQOLWHUDWXUH
1DQRSDSHUZDVSUHSDUHGIURP0)&ZDWHUVXVSHQVLRQV:DWHUZDVUHPRYHGXVLQJYDFXXP
ILOWUDWLRQRIGLOXWHGQDQRILEUHV$IWHUWKDWWKHZHW¿OPVZHUHVWDFNHGEHWZHHQ¿OWHUSDSHUVDQG
GULHGDW & IRU  K DW DERXW  N3DDSSOLHGSUHVVXUH&HOOXORVHQDQR¿EULOV RI GLIIHUHQW
DYHUDJHPRODUPDVVZHUHXVHG&HOOXORVHQDQRSDSHULVDQHWZRUNFRPSRVHGRILQWHUWZLQHG
QDQR¿EULOV ZLWK DQ DVSHFW UDWLR H[FHHGLQJ  DQG ZLWK UDQGRPLQWKHSODQH QDQR¿EULO
RULHQWDWLRQ7KH WHQVLOH VWUHQJWK WRXJKQHVVDQGVWUDLQWRIDLOXUHGR FRUUHODWHZLWKDYHUDJH
PRODUPDVV7KDWPHDQVXOWLPDWHIDLOXUHLVDVVRFLDWHGZLWKQDQR¿EULOIUDFWXUH





D E 
)LJ  )(6(0PLFURJUDSKV RI D D FHOOXORVH QDQRILEULO ILOP VXUIDFH VKRZLQJ D ILEURXV QHWZRUN VFDOH EDU LV
PPEWKHFURVVVHFWLRQRIDIUDFWXUHVXUIDFHRIDILOPVKRZLQJDOD\HUHGVWUXFWXUHVFDOHEDULVPP>@

6\YHUXGDWDO>@IRFXVHGWKHLUZRUNRQWKHVWUHQJWKDQGEDUULHUSURSHUWLHVRI0)&¿OPV
SUHSDUHGIURPPLFUR¿EULOVEDVHGRQZRRGFHOOXORVH¿EUHV3XUH0)&DQG0)&DVDOD\HURQ
EDVHSDSHUZHUHXVHG LQRUGHU WR LQFUHDVHEDUULHU SURSHUWLHV )LJ7KHSRVLWLYH UHVXOWV
LQGLFDWH WKDW 0)& PD\ FRQWULEXWH WR EURDGHQLQJ WKH DSSOLFDELOLW\ RI FHOOXORVHEDVHG
SDFNDJLQJ

D E 
)LJ)(6(0PLFURJUDSKVRIDEDVHSDSHUDQGEEDVHSDSHUFRDWHGZLWKJP0)&>@

0)& GLVLQWHJUDWHG IURP ZRRG SXOS FDQ EH XVHG LQ SRO\PHU QDQRFRPSRVLWHV RI KLJK
PHFKDQLFDOSHUIRUPDQFH>@6LTXHLUDDWDO>@HYDOXDWHGWKHWKHUPRPHFKDQLFDOEHKDYLRXU
RI QDQRFRPSRVLWH ¿OPV REWDLQHG IURP3&/ SRO\FDSURODFWRQH DQG FHOOXORVLF QDQRSDUWLFOHV
IURP VLVDO 7KH\ IRFXVHG RQ WKH GLIIHUHQFHV LQGXFHG E\ WKH QDWXUH RI WKH QDQRSDUWLFOH
ZKLVNHUVDQGPLFUR¿EULO DQG LWV VXUIDFH FKHPLFDOPRGL¿FDWLRQ7KHFKHPLFDOJUDIWLQJZDV
IRXQGWRLPSURYHWKHGLVSHUVLRQRIQDQR¿OOHUVLQRUJDQLFVROYHQWV
6LVDO ZKLVNHUV ZHUH IRXQG WR LQGXFH D OLPLWHG UHLQIRUFLQJ HIIHFW EHFDXVH RI WKH
DJJUHJDWLRQRI WKH¿OOHUZLWKLQ WKHQDQRFRPSRVLWHV¿OP+RZHYHU WKHSUHVHQFHRI WKH¿OOHU
LQFUHDVHVWKHJODVVWUDQVLWLRQFU\VWDOOL]DWLRQDQGPHOWLQJWHPSHUDWXUHVDVZHOODVWKHGHJUHH
RIFU\VWDOOLQLW\RIWKH3&/PDWUL[&HOOXORVLFZKLVNHUVDUHSUREDEO\DFWLQJDVQXFOHDWLRQVLWHV
:KHQFRPSDULQJVLVDOZKLVNHUVDQG0)&ERWKFKHPLFDOO\PRGL¿HG LWZDVIRXQGWKDW
WKHPRGXOXV ZDV KLJKHU IRU 0)&UHLQIRUFHG FRPSRVLWHV ZKHUHDV WKH HORQJDWLRQ DW EUHDN
ZDVORZHUIRUDJLYHQORDGLQJOHYHO7KHGLIIHUHQFHZDVPRVWSUREDEO\DVFULEHGWRWKH
SRVVLELOLW\  RI  HQWDQJOHPHQWV  RI  0)&  LQ FRPSDULVRQ  WR  URGOLNH QDQRSDUWLFOHV 7KH




LQWURGXFWLRQ RI 0)& ZLWKLQ WKH 3&/ PDWUL[ GLG QRW LQGXFH DQ LQFUHDVH RI WKH GHJUHH RI
FU\VWDOOLQLW\RIWKHPDWUL[>@
1RJL DW DO >@ SUHSDUHG RSWLFDOO\ WUDQVSDUHQW QDQRSDSHU IURP FHOOXORVH QDQRILEUHV
)LJ 7KH GULHG VKHHW WKDW ZDV REWDLQHG E\ ILOWUDWLRQ RI ZHOOGLVSHUVHG QDQRILEUHV
VXVSHQVLRQ ZDV QRW RSWLFDOO\ WUDQVSDUHQW EXW WUDQVOXFHQW DQG KDG D SODVWLF ¿OPOLNH
DSSHDUDQFH,WZDVIRXQGWKDWVXUIDFHOLJKWVFDWWHULQJFDXVHGWKHODFNRIWUDQVSDUHQF\$IWHU
SROLVKLQJPDWHULDOEHFDPH WUDQVSDUHQW6LQFH LWV LQYHQWLRQSDSHUKDVSOD\HGDQ LPSRUWDQW
UROH DV DQ LQIRUPDWLRQWUDQVIHUPHGLXP 7KLV VWXG\ VKRZV WKDW WKH QH[W VWHSRI WKHSDSHU
HYROXWLRQ FDQ EH FHOOXORVH QDQR¿EUH SDSHU KDYLQJ WKH SRWHQWLDO WR EHFRPH DQ H[WUHPHO\
LPSRUWDQWPDWHULDOVXSSRUWLQJIXWXUHJHQHUDWLRQVRIHOHFWURQLFGHYLFHV>@
D E 
)LJD2SWLFDOO\WUDQVSDUHQWQDQR¿EUHSDSHUOHIWFRPSRVHGRIQPFHOOXORVHQDQR¿EUHVXSSHUOHIWVFDOH
EDULQLQVHWQPDQGFRQYHQWLRQDOFHOOXORVHSDSHUULJKWFRPSRVHGRIPPSXOS¿EUHVXSSHUULJKWVFDOH
EDULQLQVHWQPE/LJKWWUDQVPLWWDQFHRIWKHFHOOXORVHQDQR¿EUHVKHHWV7KHWKLFNQHVVHVRIWKHRYHQGULHG
QDQR¿EUHVKHHWZHUHPPEHIRUHDQGPPDIWHUSROLVKLQJ>@

6YDJDQ DW DO >@ SUHSDUHG QDQRFRPSRVLWH IRDPV XVLQJ 0)& LQ VWDUFK PDWUL[ E\
O\RSKLOLVDWLRQ SURFHVV )LJ 5HVXOWLQJ IRDPV VKRZHG PLFURFHOOXODU VWUXFWXUH ZLWK FHOO
GLPHQVLRQVLQWKHUDQJH±PP&RPSDUHGWRWKHQHDWDP\ORSHFWLQIRDPDVLJQL¿FDQW
LPSURYHPHQW LQ PRGXOXV DQG \LHOG VWUHQJWK ZDV REVHUYHG 7KH IDYRXUDEOH SURSHUWLHV RI
IRDPVSUHSDUHGE\O\RSKLOLVDWLRQDUHGXHWRLPSURYHGPHFKDQLFDOSURSHUWLHVRIWKHQDQR¿EULO
UHLQIRUFHG FHOO ZDOO DQG WKH PLFURFHOOXODU VWUXFWXUH 7KLV LV QRW SRVVLEOH ZLWK PLFURPHWHU
VFDOH FHOOXORVH ¿EUHV EHFDXVH RI WKH GLDPHWHU LV WRR ODUJH LQ FRPSDULVRQ WR WKH FHOOZDOO
WKLFNQHVV>@

D E 
)LJ  7KH FHOO VWUXFWXUHV RI DP\ORSHFWLQ IRDPZLWK D  E ZW0)&7KH VHFWLRQV DUH QRUPDO WR WKH
F\OLQGHUD[LVRIWKHIRDP7KHVFDOHEDUVDUHPP>@




3llNN| DW DO >@ UHSRUWHG ÀH[LEOH FHOOXORVH DHURJHOV IRUPHG E\ ORQJ DQG HQWDQJOHG
FHOOXORVH,QDQRILEUHVZLWKRXWDQ\FURVVOLQNHUV)LJ1HWZRUNUHQGHUVVXIILFLHQWVWUHQJWK
WRRSSRVH WKH WHQGHQF\RI WKH FROODSVHGXULQJ WKH VROYHQW H[WUDFWLRQDQG UHQGHUV VWUHQJWK
DQGGHIRUPDELOLW\ WR WKH¿QDOSURGXFW7KHDTXHRXV0)&JHOZDVFRQYHUWHG WRD µµVSRQJH
OLNH¶¶DHURJHO LQDYDFXXPRYHQE\IUHH]HGU\LQJZLWKRXWFROODSVHRI WKHJHO$QH[DPSOHRI
KRZWRPRGLI\WKHDHURJHOQHWZRUNZDVGHPRQVWUDWHGE\IXQFWLRQDOL]LQJXVLQJDFRQGXFWLQJ
SRO\PHUWRDFKLHYHDSRURXVFRQGXFWLYHQDQRFHOOXORVHDHURJHOFRPSRVLWH>@

D 

E 
)LJ$GHPRQVWUDWLRQRIWKHVXSSUHVVHGEULWWOHQHVVLQFUHDVHGÀH[LELOLW\DQGGHIRUPDELOLW\RIWKHDHURJHOV>@
 %DFWHULDOFHOOXORVH%&
&HOOXORVH LV SURGXFHG E\ VRPH EDFWHULD HJ $FHWREDFWHU [\OLQXP %DFWHULDO FHOOXORVH
%& LV DQ H[WUDFHOOXODU SURGXFW ZKLFK LV H[FUHWHG LQWR WKH FXOWXUH PHGLXP $FHWLF DFLG
EDFWHULDDUHQRWSKRWRV\QWKHWLFEXWFDQFRQYHUWJOXFRVHVXJDUJO\FHURORURWKHUVXEVWDQFHV
WRSXUHFHOOXORVH$W\SLFDOVLQJOHFHOOFDQFRQYHUWXSWRJOXFRVHPROHFXOHVSHUKRXULQWR
FHOOXORVH 7KH DFWLYLWLHV LQ D VLQJOH FHOO DUH QXPHURXV (DFK FHOO DFWV DV D VSLQQHUHW DQG
SURGXFHVDEXQGOHRIVXEPLFURVFRSLFILEULOV IHWFKLQJSRO\PHUDJJUHJDWHV WKURXJKD URZRI
SRUHV7KHEDFWHULDSURGXFHDPHPEUDQHRISXUHFHOOXORVHZKLFKLVYHU\VWURQJLQLWVQHYHU
GULHGVWDWH,WDOVRKDVDQH[WUHPHO\ODUJHDEVRUEDQFHRIZDWHU>@ 
,W KDVEHHQVXJJHVWHG WKDW WKHDOWHUDWLRQRI FKHPLFDO RUELRFKHPLFDO FRQGLWLRQVGXULQJ
WKHELRV\QWKHVLV FRXOGDOWHU WKHKLJKRUGHU VWUXFWXUHRI FHOOXORVHDVVHPEOLHV)RUH[DPSOH
FHOO GLYLVLRQ FDQEH GHSUHVVHG E\ DGGLQJDQWLELRWLFV WR WKH LQFXEDWLRQPHGLXP UHVXOWLQJ LQ
EURDGHUPLFUR¿EULOV WKDQ WKRVHJHQHUDWHGXQGHUQRUPDOFRQGLWLRQV7KHELRV\QWKHVLVRI%&
LQYROYHVSRO\PHUL]DWLRQ DQG FU\VWDOOL]DWLRQSURFHVVHV DQG LW ZDV DVVXPHG WKDW WKH IDFWRUV
WKDWDơHFWHLWKHUVWHSZLOOLQÀXHQFHWKH¿QDOVWUXFWXUHRIWKH%&>@
7KH SURSHUWLHV RI WKH UHVXOWLQJ FHOOXORVLF PDWHULDO FDQ EH DOVR PRGXODWHG E\ XVLQJ
GLIIHUHQW EDFWHULDO VWUDLQV E\ YDU\LQJ WKH SDUDPHWHUV RI WKH FXOWLYDWLRQ DQG E\ DGGLQJ
FKHPLFDOV DQG SRO\PHUV LQWR WKH FXOWXUH PHGLXP 6LQFH FHOOXORVH LV IXOO\ ELRFRPSDWLEOH
LQWHUHVWLQJSRWHQWLDODSSOLFDWLRQVKDYHDOUHDG\HPHUJHG LQ WKHKHDOWKFDUH VHFWRU LQFOXGLQJ
ZRXQG KHDOLQJ V\VWHPV DQG DUWL¿FLDOVNLQ SURGXFWV %DFWHULDO FHOOXORVH FDQ EH JURZQ LQ
GH¿QHGVKDSHVVXFKDVKROORZWXEHVWKDWFDQEHXVHGWRUHSODFHEORRGYHVVHOVLQVXUJLFDO
RSHUDWLRQV 5HFHQWO\ QDWLYH EDFWHULDO FHOOXORVH KDV DOVR EHHQ SUHVHQWHG DV D SRWHQWLDO
ELRFRPSDWLEOHVFDIIROGZLWKJRRGPHFKDQLFDOSURSHUWLHVIRUWKHHQJLQHHULQJRIFDUWLODJHDQG
EORRGYHVVHOV>@




<DQR DW DO >@ XVHG EDFWHULDO FHOOXORVH QDQRILEUHV DV UHLQIRUFHPHQW IRU RSWLFDOO\
WUDQVSDUHQW FRPSRVLWHPDWHULDOV )LJ %& VKHHW ZDV LPSUHJQDWHG XQGHU YDFXXPZLWK
WUDQVSDUHQW WKHUPRVHWWLQJ UHVLQ HSR[\ DFU\OLF RU SKHQROIRUPDOGHK\GH DQG ILEUH FRQWHQW
ZDVDERXW±ZW'XHWRWKHVL]HHIIHFWWKHQDQRILEUHQHWZRUNFDXVHGDYHU\ORZORVV
RI WUDQVSDUHQF\RI WKHRULJLQDO UHVLQHYHQDWKLJKILEUHFRQWHQW)XUWKHUPRUH WKHQDQRILEUH
QHWZRUN OHG WR D UHPDUNDEOH UHLQIRUFHPHQW RI WKH UHVLQ SURGXFLQJ FRPSRVLWHV ZLWK
VLJQLILFDQWO\KLJKHUPHFKDQLFDOVWUHQJWKDQGORZWKHUPDOH[SDQVLRQFRHIILFLHQWV>@

D  E 
)LJD7DSSLQJPRGH$)0LPDJHRI%&HSR[\UHVLQVKHHWEIOH[LELOLW\RIPPWKLFN%&HSR[\VKHHWZLWK
%&FRQWHQW>@

1RJL DW DO >@ LQWURGXFHG IROGDEOH DQG XOWUDORZ WKHUPDO H[SDQVLRQ FRHIILFLHQW &7(
WUDQVSDUHQW%&QDQRFRPSRVLWHV)LJ7KHLUIROGDEOHSURSHUWLHVDQGKLJKWKHUPDOVWDELOLW\
DUHDFKLHYHGE\UHLQIRUFLQJDWUDQVSDUHQWUHVLQWKDWKDVORZ<RXQJVPRGXOXVZLWKZWRI
ORZ&7( DQG KLJK<RXQJ¶VPRGXOXV FHOOXORVH QDQR¿EUHV WDNLQJ DGYDQWDJH RI WKH OD\HUHG
VWUXFWXUH RI SODQDU %& QDQR¿EUH QHWZRUNV 7KLV PDWHULDO KDV WKH SRWHQWLDO WR VKLIW WKH
HOHFWURQLFVGLVSOD\ LQGXVWU\IURPWKHWUDGLWLRQDOEDWFKSURFHVVWRWKHPXFKDQWLFLSDWHGPRUH
FRVWHIIHFWLYHFRQWLQXRXVUROOWRUROOPDQXIDFWXULQJSURFHVV>@

D E 
)LJD)ROGDEOHWUDQVSDUHQWQDQRFRPSRVLWHVUHLQIRUFHGZLWKEDFWHULDOFHOOXORVHQDQR¿EUHVE/XPLQHVFHQFH
RIDQRUJDQLFOLJKWHPLWWLQJGLRGHGHSRVLWHGRQWRDWUDQVSDUHQW%&QDQRFRPSRVLWH>@






 &DUERQQDQRWXEHV
7KH XQLGLUHFWLRQDO JURZWK RI PDWHULDOV WKDW KHDGV WRZDUGV IRUPDWLRQ RI QDQRZLUHV RU
QDQRWXEHV KDV DWWUDFWHG HQRUPRXV LQWHUHVW RI VFLHQWLILF VRFLHW\ LQ UHFHQW \HDUV >@ 7KH
KLVWRU\RI&17VGDWHVEDFNWRZKHQFDUERQILODPHQWVRIYHU\VPDOOGLDPHWHUQP
ZHUH SUHSDUHG+RZHYHU VLJQLILFDQFHRI WKHLU V\QWKHVLVZDV QRW IXOO\ UHFRJQLVHG XQWLO WKH
GLVFRYHU\ RI IXOOHUHQH FKHPLVWU\ LQ 7KLV GLVFRYHU\ GLUHFWO\ VWLPXODWHG WKH V\VWHPDWLF
VWXG\RIFDUERQILODPHQWV >@7KHIXOOHUHQHPROHFXOH LV WKHIXQGDPHQWDOEXLOGLQJEORFNRI
WKHFU\VWDOOLQHSKDVHDQGWKURXJKGRSLQJDQGFKHPLFDOUHDFWLRQVIRUPVWKHEDVLVRIDODUJH
IDPLO\RIPDWHULDOVPDQ\RIWKHPKDYLQJHVSHFLDOO\LQWHUHVWLQJSURSHUWLHV>@
:LWKLQ WKH GLIIHUHQW FODVVHV RI WXEHV PDGH RI RUJDQLF RU LQRUJDQLF PDWHULDOV FDUERQ
QDQRWXEHV &17 DUH H[WUHPHO\ SURPLVLQJ IRU DSSOLFDWLRQV LQ PDWHULDOV VFLHQFH
QDQRWHFKQRORJLFDODSSOLFDWLRQVILOOHUVLQSRO\PHUPDWULFHVPROHFXODUWDQNVDQGPHGLFLQDO
FKHPLVWU\ ELRVHQVRUV EHFDXVH RI WKHLU LQWHUHVWLQJ HOHFWURQLF PHFKDQLFDO DQG VWUXFWXUDO
SURSHUWLHV$VDQH[DPSOHRIDQRWKHUDSSOLFDWLRQFDQEHILHOGHIIHFWWUDQVLVWRUVOLJKWHPLWWLQJ
GLRGHVFKHPLFDOVHQVRUVVFDQQLQJSUREHPLFURVFRS\IOH[LEOH WUDQVSDUHQWDQGFRQGXFWLQJ
PHPEUDQH>@

 3K\VLFDOVWUXFWXUH
&17FRQVLVWVRIJUDSKLWLFVKHHWVZKLFKKDYHEHHQUROOHGXSLQWRDF\OLQGULFDOVKDSH7KH
OHQJWK RI &17V LV LQ WKH VL]H RI PLFURPHWHUV ZLWK GLDPHWHUV XS WR QP &17V IRUP
EXQGOHV WKDWDUHHQWDQJOHGWRJHWKHU LQ WKHVROLGVWDWH LQWKHZD\ WKDWJLYHV ULVH WRDKLJKO\
FRPSOH[ QHWZRUN 'HSHQGLQJ RQ WKH DUUDQJHPHQW RI WKH KH[DJRQ ULQJV DORQJ WKH WXEXODU
VXUIDFH&17VFDQEHFRQGXFWLQJRUVHPLFRQGXFWLQJ>@
2Q WKHPROHFXODUVFDOHVLQJOHZDOOHGFDUERQQDQRWXEHVFDQEHYLHZHGHLWKHUDVRQH
GLPHQVLRQDOFU\VWDOVRUDVDOOFDUERQVHPLIOH[LEOHSRO\PHUV$OWHUQDWLYHO\RQHFDQ WKLQNRI
FDSSHGQDQRWXEHVDVH[WHQGHGIXOOHUHQHV)RUH[DPSOHRQHFDQ WDNHD&PROHFXOHDQG
DGGDEHOWRIFDUERQWRIRUPD&%\UHSHDWLQJWKHSURFHVVRQHFDQPDNHDORQJWXEXOHRI
QPGLDPHWHU
7KHFKHPLFDOERQGEHWZHHQFDUERQDWRPVLQVLGHQDQRWXEHVLVWKHVDPHDVWKHERQGLQ
JUDSKLWHVSW\SHZLWKHDFKDWRPMRLQHGWRWKUHHQHLJKERXUVWKDWVZK\WKH\H[KLELWXQLTXH
VWUHQJWK0RUHRYHUEHFDXVHRI9DQGHU:DDOVIRUFHVWKH\DOLJQWKHPVHOYHVLQWRURSHDQG
FDQPHUJHWRJHWKHUXQGHUKLJKSUHVVXUH
%HFDXVH RI WKHLU VWUXFWXUH &17V FDQ EH FRQVLGHUHG DV UROOHGXS JUDSKHQH VKHHWV
JUDSKHQH LV DQ LQGLYLGXDO JUDSKLWH OD\HU )LJ  D VKRZV WKUHH GLVWLQFW ZD\V LQ ZKLFK
DJUDSKHQHVKHHWFDQEHUROOHGLQWRDWXEH>@
7KHUHDUHWZRPDLQW\SHVRIFDUERQQDQRWXEHVWKDWFDQKDYHKLJKVWUXFWXUDOSHUIHFWLRQ
6LQJOHZDOOHG FDUERQ QDQRWXEHV 6:&17V )LJ FRQVLVW RI D VLQJOH JUDSKLWH VKHHW
VHDPOHVVO\ ZUDSSHG LQWR D F\OLQGULFDO WXEH 0XOWLZDOOHG FDUERQ QDQRWXEHV 0:&17V
)LJ FRPSULVHDQ DUUD\ RI VXFK QDQRWXEHV WKDW DUH FRQFHQWULFDOO\ QHVWHG OLNH ULQJV RI
DWUHH WUXQN 'HVSLWH VWUXFWXUDO VLPLODULW\ WR D VLQJOH VKHHW RI JUDSKLWH ZKLFK LV
DVHPLFRQGXFWRU 6:&17V PD\ EH HLWKHU PHWDOOLF RU VHPLFRQGXFWLQJ GHSHQGLQJ RQ WKH
VKHHW GLUHFWLRQ DERXW ZKLFK WKH JUDSKLWH VKHHW LV UROOHG WR IRUP D QDQRWXEH F\OLQGHU
'HSHQGLQJRQWKHDSSHDUDQFHRIDEHOWRIFDUERQERQGVDURXQGWKHQDQRWXEHVGLDPHWHUWKH
QDQRWXEHLVHLWKHURIWKHDUPFKDLU]LJ]DJRUFKLUDOYDULHW\)LJ>@







D E 
)LJD$WUDQVPLVVLRQHOHFWURQPLFURJUDSKRIPXOWLZDOOHGQDQRWXEHVDQGEVLQJOHZDOOHGQDQRWXEHV>@
D E 
)LJD6FKHPDWLFLOOXVWUDWLRQVRIWKHVWUXFWXUHVRIDUPFKDLUOHIW]LJ]DJPLGGOHDQGFKLUDOULJWK6:&17V
E7(0PLFURJUDSKVKRZLQJWKHODWHUDOSDFNLQJRIQPGLDPHWHU6:&17VLQDEXQGOH>@

 (OHFWULFDOSURSHUWLHV
5ROOLQJXSDJUDSKHQHVKHHWRQDQDQRPHWHUVFDOHKDVGUDPDWLFFRQVHTXHQFHVRQWKH
HOHFWULFDOSURSHUWLHV7KH\ FDQEHPHWDOOLFRU VHPLFRQGXFWLQJGHSHQGLQJRQ WKHLU VWUXFWXUH
7KXVVRPHQDQRWXEHVKDYHFRQGXFWLYLWLHVKLJKHUWKDQWKDWRIFRSSHUZKLOHRWKHUVEHKDYH
PRUHOLNHVLOLFRQ7KHUHLVJUHDWLQWHUHVWLQWKHSRVVLELOLW\RIFRQVWUXFWLQJQDQRVFDOHHOHFWURQLF
GHYLFHVIURPQDQRWXEHVDQGVRPHSURJUHVVLVEHLQJPDGHLQWKLVDUHD>@

 0HFKDQLFDOSURSHUWLHV
7KHVPDOOGLDPHWHURI&17DOVRKDVDQ LPSRUWDQWHIIHFWRQ WKHPHFKDQLFDOSURSHUWLHV
FRPSDUHGZLWK WUDGLWLRQDOPLFURQVL]HJUDSKLWLF ¿EUHV >@ ,Q WHUPVRI WHQVLOH VWUHQJWKDQG
HODVWLFPRGXOXV&17DUHFRQVLGHUHGWREHWKHVWURQJHVWDQGVWLIIHVWPDWHULDOVRIHDUWK7KLV
HQRUPRXV VWUHQJWK LV UHVXOW RI FRYDOHQW ERQGV EHWZHHQ LQGLYLGXDO FDUERQ DWRPV )RU
H[DPSOHWKH<RXQJ
VPRGXOXVRIWKHEHVWQDQRWXEHVFDQEHDVKLJKDV*3DZKLFKLV
DSSUR[LPDWHO\[KLJKHUWKDQVWHHO7KHWHQVLOHVWUHQJWKRUEUHDNLQJVWUDLQRIQDQRWXEHVFDQ
EHXSWR*3DDURXQG[KLJKHUWKDQVWHHO>@

 6\QWKHVLVRIFDUERQQDQRWXEHV
$VPHQWLRQHG DERYH FDUERQ QDQRWXEHV DUH YHU\ SURPLVLQJPDWHULDO LQ YDULRXV ¿HOGV
VXFKDVFRPSRVLWHVHQHUJ\GHYLFHVHOHFWURQLFDSSOLFDWLRQVDQGPHGLFDODSSOLFDWLRQV)RU
QRYHO DSSOLFDWLRQV RI FDUERQ QDQRWXEHV WKH FRQWURO RI GLDPHWHU FKLUDOLW\ WKH QXPEHU RI
OD\HUVDQGSXULW\ LVFUXFLDO >@0DQ\WHFKQLTXHVKDYHEHHQGHYHORSHG WRV\QWKHVL]H&17




DQG SRVVLEO\ FRQWURO WKHVH SDUDPHWHUV DQG TXDQWLWLHV DUF GLVFKDUJH ODVHU DEODWLRQ KLJK
SUHVVXUHFDUERQPRQR[LGH+L3&2DQGFDWDO\WLFFKHPLFDOYDSRXUGHSRVLWLRQ&&9'>@
%HFDXVHRI&17VXVHGLQWKLVVWXG\ZHUHSUHSDUHGE\FKHPLFDOYDSRXUGHSRVLWLRQWKLV
WHFKQLTXHLVJRLQJWREHGLVFXVVHGLQGHWDLOV
7KH LQLWLDO FDWDO\WLF FKHPLFDO YDSRU GHSRVLWLRQ &&9' PHWKRG IRU SURGXFLQJ FDUERQ
QDQRWXEHVZDVFDOOHGVHHGLQJPHWKRG7KHVXEVWUDWHWKDWFRQWDLQHGVPDOOHYHQO\GLVSHUVHG
PHWDOFDWDO\VWV LURQSDUWLFOHVZDVVHW LQWRKRWVSRWRI WKHIXUQDFHXQGHUDFRQVWDQWIORZRI
K\GURFDUERQ IRU H[DPSOH EHQ]HQH DQG D PL[WXUH RI K\GURJHQ DQG DUJRQ $V D UHVXOW
ILEURXV PDWHULDOV JUHZ RQ WKH VXUIDFH RI WKH VXEVWUDWH IURP LURQ SDUWLFOHV 7KH REWDLQHG
¿EURXVFDUERQPDWHULDOKDGWKHFDUERQQDQRWXEHVLQWKHFRUHDQGGHSRVLWHGFDUERQVRQLW
>@

D E 
)LJ 6FKHPDWLF LPDJHRI VHHGLQJPHWKRGEDVHG ¿EURXV FDUERQ SURGXFWLRQ VHWXS E 7UDQVPLVVLRQ HOHFWURQ
PLFURVFRSHLPDJHRI¿EURXVFDUERQJURZQE\VHHGLQJPHWKRG$QLURQFDWDO\VWSDUWLFOH LVREVHUYHGDWWKHWLSRI
WKHLQQHUWXEH>@
1HYHUWKHOHVV WKH GHVFULEHG SURFHVV ZDV QRQFRQWLQXRXV DQG WKHUHIRUH LW ZDV QRW
VXLWDEOH IRU LQGXVWU\ %HFDXVH RI WKH VWURQJ GHPDQG IRU WKHVH FDUERQ QDQRWXEHV RQ WKH
PDUNHW FRQWLQXRXV PHWKRG FDOOHG WKH ÀRDWLQJ UHDFWDQW PHWKRG ZDV GHYHORSHG ,Q WKLV
SURFHVVPHWDO FDWDO\VW FDUERQVRXUFHDQGJDVHVDUH IHG IURP WKH WRSHQGRI WKH YHUWLFDO
IXUQDFH)LJ:KLOHWKHFDWDO\VWSDUWLFOHVDUHÀRDWLQJJUDGXDOO\IDOOLQJLQVLGHWKHIXUQDFH
WKH WXEHV JURZWK DQG FDUERQ GHSRVLWLRQ SURFHVVHV RFFXU $W WKH ERWWRP RI WKH IXUQDFH
FDUERQ QDQRWXEHV DUH REWDLQHG )LJ  7KLVPHWKRG ZDV YHU\ HIIHFWLYH IRU WKH YROXPH
SURGXFWLRQRI&17DQGWKHTXDOLW\RIWKHSURGXFWZDVKLJKDVZHOO7KHRQO\GLVDGYDQWDJHRI
WKLV PHWKRG LV WKH IDFW WKDW RQH FDQW JHW ULG RI WKH FDWDO\VW ZKLOH SURGXFLQJ FDUERQ
QDQRWXEHV$VDUHVXOWWKHFDWDO\VWPXVWEHUHPRYHGDIWHUWKHV\QWKHVLV>@
2QFH WKHYROXPHSURGXFWLRQRI&17VZDVVXFFHVVIXOO\KDQGOHG WKHQHHGVIRUYDULRXV
W\SHVRI&17VHPHUJHGDVZHOO)RUH[DPSOHGLDPHWHUDQGQXPEHURIOD\HUVRIWKHWXEHFDQ
EHFRQWUROOHGE\WKHGLDPHWHURIWKHFDWDO\VWSDUWLFOHVPDOOGLDPHWHURIWKHFDWDO\VWUHVXOWVLQ
VPDOOGLDPHWHURIWXEH>@





D E 
)LJD,OOXVWUDWLRQRIÀRDWLQJPHWKRGVHWXSDQGELWVJURZWKPRGHO7KHEDVLFJURZWKPHFKDQLVPLVWKHVDPH
DVWKRVHRIRWKHU&&9'PHWKRGVVLQFHWKHJURZWKLQLWLDWHVIURPWKHFDWDO\VW>@
 'LVSHUVLRQRIFDUERQQDQRWXEHV
7KHDELOLW\WRKDQGOHFDUERQQDQRWXEHVDVLQGLYLGXDOFRPSRQHQWVDQGWKHXQGHUVWDQGLQJ
RI WKHLU EHKDYLRXU LQ YDULRXV PHGLD DUH HVVHQWLDO IRU FKDUDFWHULVDWLRQ RI WKHLU LQWULQVLF
SURSHUWLHV DQG IRU IXUWKHU GHYHORSPHQW RI WKHLU DSSOLFDWLRQV >@ )XUWKHUPRUH WKH PDLQ
ERWWOHQHFNIRUWKHLQFRUSRUDWLRQRI&17VLQWRQDQRFRPSRVLWHVLVWKDWDVSURGXFHG&17VDUH
KHOG WRJHWKHU LQ EXQGOHV RI ± LQGLYLGXDO WXEHV E\ YHU\ VWURQJ YDQ GHU :DDOV
LQWHUDFWLRQV>@
&XUUHQWO\ WZR DSSURDFKHV DUH ZLGHO\ XVHG LQ QDQRWXEH GLVSHUVLRQ WKH PHFKDQLFDO
DSSURDFKDQGWKHFKHPLFDODSSURDFK7KHPHFKDQLFDODSSURDFKLQFOXGHVXOWUDVRQLFDWLRQDQG
KLJKVKHDU PL[LQJ 7KHVH SURFHVVHV DUH WLPHFRQVXPLQJ DQG OHVV HIILFLHQW )XUWKHUPRUH
XOWUDVRQLFDWLRQ FDQ UHVXOW LQ IUDJPHQWDWLRQ RI &17V LQ WXUQ GHFUHDVLQJ WKHLU DVSHFW UDWLR
%HVLGHVWKLVWKHVWDELOLW\RIWKHGLVSHUVLRQLVSRRU2QWKHRWKHUKDQGWKHFKHPLFDODSSURDFK
LQFOXGHVERWKFRYDOHQWDQGQRQFRYDOHQWPHWKRGV>@

 1RQFRYDOHQWPHWKRGV
7KH QRQFRYDOHQW PHWKRGV WR IXQFWLRQDOL]H &17V LQYROYH XVLQJ VRIW PDWWHU VXFK DV
VXUIDFWDQWV ROLJRPHUV ELRPROHFXOHV DQG SRO\PHUV WR µµZUDS¶¶ &17V WR HQKDQFH WKHLU
VROXELOLW\)LJFDQGG7KHDGYDQWDJHRIWKHQRQFRYDOHQWPHWKRGLVWKDWWKHLQWHJULW\RI
&17 VWUXFWXUH LV QRW GLVUXSWHG DQG WKH SURSHUWLHV RI WKH &17V DUH WKHUHIRUH UHWDLQHG
+RZHYHUWKHQRQFRYDOHQWLQWHUDFWLRQEHWZHHQWKHZUDSSLQJPROHFXOHVDQGWKH&17VLVQRW
DVVWURQJDVWKHFRYDOHQWERQGVIRUPHGLQWKHFKHPLFDOIXQFWLRQDOL]DWLRQSURFHVVHV>@

6XUIDFWDQWV
9DULRXVDQLRQLFFDWLRQLFDQGQRQLRQLFVXUIDFWDQWVKDYHEHHQXVHGDQGZHUHSURSRVHG
WR VROXELOL]H&17V WKURXJK LQWHUDFWLRQ RI WKH RUJDQLF DON\O RU K\GURSKRELF JURXSVRQ WKH
VXUIDFWDQWZLWKWKH&17VXUIDFHDQGLQWHUDFWLRQRIWKHLRQLFSRUWLRQRIWKHVXUIDFWDQWZLWKWKH
DTXHRXVSKDVH ,WZDV VXJJHVWHG WKDW WKHUHH[LVWVDQRSWLPDO VXUIDFWDQW FRQFHQWUDWLRQ IRU




GLVSHUVLRQ ZKLFK UHVXOWV IURP FRPSHWLWLRQ EHWZHHQ PD[LPL]DWLRQ RI VXUIDFWDQW DGVRUSWLRQ
RQWR &17 VXUIDFHV DQG D PLFHOOHPHGLDWHG GHSOHWLRQ LQWHUDFWLRQ EHWZHHQ DGMDFHQW &17
EXQGOHV>@
7RGDWH DZLGH YDULHW\RIVXUIDFWDQWVKDYHEHHQ LQYHVWLJDWHG IRUGLVSHUVLRQRI FDUERQ
QDQRWXEHVVXFKDVVRGLXPGRGHF\OEHQ]HQHVXOIRQDWH 6'%6GRGHF\OWULPHWK\ODPPRQLXP
EURPLGH  '7$%  KH[DGHF\OWULPHWK\ODPPRQLXP EURPLGH &7$% RFW\O SKHQRO HWKR[\ODWH
7ULWRQ;DQGVRGLXPGRGHF\OVXOIDWH6'6>@

3URWHLQVDQGSHSWLGHV
3URWHLQVFRXOGEHFRQMXJDWHGZLWKFDUERQQDQRWXEHVYLDHLWKHUVSRQWDQHRXVDGVRUSWLRQ
RQWR WKH QDQRWXEH VXUIDFH RU WKH LPPRELOL]DWLRQ PRUH FRQWUROODEO\ LQ IXQFWLRQDOL]DWLRQ
UHDFWLRQV ,W ZDV GHPRQVWUDWHG WKDW FRPPRQ SURWHLQV VXFK DV O\VR]\PH KLVWRQH
KHPRJORELQWU\SVLQJOXFRVHR[LGDVHDQGRWKHUVZHUHJRRGGLVSHUVLQJDJHQWVIRU6:&17V
DQGWKDWWKHGLVSHUVLQJHIILFLHQF\RIWKHVHSURWHLQVGHSHQGHGRQYDULRXVIDFWRUVLQFOXGLQJWKH
SULPDU\VWUXFWXUHDQGS+>@

'1$V51$V
6LPLODU WR SURWHLQV '1$V DQG 51$V FRXOG EH DWWDFKHG WR FDUERQ QDQRWXEHV
QRQFRYDOHQWO\ E\ DGVRUSWLRQ DQG FRYDOHQWO\ HLWKHU GLUHFWO\ RU WKURXJK D ELIXQFWLRQDO OLQNHU
7KH VSHFL¿F LQWHUDFWLRQ EHWZHHQ'1$ VHTXHQFHV JUDIWHGRQ WKH FDUERQQDQRWXEH VXUIDFH
ZDVXVHGLQWKHDVVHPEOLQJRIQDQRWXEHVLQWRDUFKLWHFWXUHVQHFHVVDU\IRUHOHFWULFDOFLUFXLWV
DQGPROHFXODUVHQVLQJDSSOLFDWLRQV7KHIXQFWLRQDOL]DWLRQRUZUDSSLQJRIFDUERQQDQRWXEHV
ZLWK'1$QRWRQO\ LPSDUWVDTXHRXVVROXELOLW\EXWDOVRDOORZVDPRUHSUHFLVHFRQWURORI WKH
LQWHUIDFLDOSURSHUWLHV>@

 &RYDOHQWPHWKRGV
7KLVDSSURDFKLVUHIHUUHGWRDVFRYDOHQWIXQFWLRQDOL]DWLRQEHFDXVHIXQFWLRQDOJURXSVDUH
FRYDOHQWO\ OLQNHG WR WKH &17 VXUIDFH )LJ  D DQG E WKH OLQNDJH LV SHUPDQHQW DQG
PHFKDQLFDOO\VWDEOH+RZHYHUUHDFWLRQZLWKWKHJUDSKLWLFVKHHWVDOVRUHVXOWVLQEUHDNLQJWKH
VS FRQIRUPDWLRQRI WKH FDUERQDWRPV&RQMXJDWLRQRI WKH&17ZDOO LV WKHUHIRUHGLVUXSWHG
&17V VWUXFWXUHV DUH GHVWUR\HG LQFOXGLQJ FXWWLQJ DQG RSHQLQJ &17V  DQG LW KDV EHHQ
REVHUYHGWKDWFRPSDUHGZLWKWKHSULVWLQHWXEHVHOHFWULFDODQGPHFKDQLFDOSURSHUWLHVRIWKH
FKHPLFDOO\IXQFWLRQDOL]HG&17VGHFUHDVHGGUDPDWLFDOO\>@
7KHR[LGDWLRQRI&17VHLWKHUE\ZHWFKHPLFDOPHWKRGVSKRWRR[LGDWLRQR[\JHQSODVPD
RUJDVSKDVHWUHDWPHQWKDVJDLQHGDORWRIDWWHQWLRQLQDQDWWHPSWWRSXULI\DQGDOVRHQKDQFH
WKH FKHPLFDO UHDFWLYLW\ RI WKH JUDSKLWLF QHWZRUN 7\SLFDOO\ WKURXJK WKH DERYH KDUVK
WUHDWPHQWV WKH SULVWLQH &17V FDQ EH HIIHFWLYHO\ SXUL¿HG DQG R[\JHQFRQWDLQLQJ JURXSV
PDLQO\ FDUER[\O DQG K\GUR[\O KDYH EHHQ IRXQG WR GHFRUDWH WKH JUDSKLWLF VXUIDFH 7KH
SUHVHQFH RI R[\JHQFRQWDLQLQJ JURXSV IDFLOLWDWHV WKH H[IROLDWLRQ RI &17 EXQGOHV DQG
LQFUHDVHVWKHVROXELOLW\LQSRODUPHGLD>@
7KHFRPPRQO\XVHGR[LGDQWVIRUOLTXLGSKDVHR[LGDWLRQLQFOXGH+12+2RUDPL[WXUH
RI+2DQG+&ODPL[WXUHRI+62+12.0Q2DQG1D2+.0Q2>@DQGDPL[WXUHRI
1+2+DQG+2>@







)LJ  6FKHPDWLF UHSUHVHQWDWLRQ RI IXQFWLRQDOL]HG &17V XVLQJ GLIIHUHQW PHWKRGV D DQG E FRYDOHQW
IXQFWLRQDOL]HG&17FVXUIDFWDQWZUDSSHG&17DQGGSRO\PHUZUDSSHG&17>@
 &DUERQQDQRWXEHVFHOOXORVHFRPSRVLWH
5HFHQWO\IDEULFDWLQJDSSOLHGIXQFWLRQDOHOHFWULFGHYLFHVQDQRGHYLFHVWKDWDUHEDVHGRQ
QDQRWHFKQRORJ\ LV JDLQLQJ SURPLQHQFH IRU QRYHO LQIRUPDWLRQSURFHVVLQJ GHYLFHV
)XUWKHUPRUHIDEULFDWLRQRI&17VVKHHWDQGWKHLUSRVVLEOHDSSOLFDWLRQVOLJKWHPLWWLQJGLRGHV
KLJKVWUHQJWKFDEOHVDQGVXEVWUDWHVKDVEHHQUHSRUWHG+RZHYHUPDQXIDFWXULQJGLI¿FXOWLHV
PD\VORZGRZQWKHFRPPHUFLDOXWLOLVDWLRQRIWKHVHVKHHWVLQWKHQHDUIXWXUH>@
-XQJDWDO>@SUHSDUHG0:&17EDVHGHOHFWULFDOO\FRQGXFWLYHWUDQVSDUHQWSDSHUVZLWK
EDFWHULDOFHOOXORVHQDQR¿EULOVDQGDQDTXHRXVVLON¿EURLQVROXWLRQ)LJ ,WZDVSUHSDUHG
E\ DGVRUELQJ WKH 0:&17V RQWR D EDFWHULDO FHOOXORVH K\GURJHO IROORZHG E\ GU\LQJ WKH
K\GURJHODWURRPWHPSHUDWXUH7KHUROHRIWKHVLONZDVDVDFRDWLQJPDWHULDOWRDYRLG
H[WULFDWLQJ WKH 0:&17V  IURP  WKH  VXUIDFH  RI  WKH  EDFWHULDO FHOOXORVHQDQR¿EULOV 7KH
HOHFWULFDOO\FRQGXFWLYHWUDQVSDUHQWSDSHUVUHWDLQHGWKHLUKLJKWUDQVSDUHQF\HYHQZKHQ
0:&17VZHUHLQFRUSRUDWHGGXULQJWKHSUHSDUDWLRQSURFHVV>@





D E F 
)LJDHOHFWULFDOO\FRQGXFWLYHWUDQVSDUHQWSDSHU)(6(0LPDJHVRIEEDFWHULDOFHOOXORVHPHPEUDQHDQGF
&17DGVRUEHGEDFWHULDOFHOOXORVHPHPEUDQH>@

<DQ =DW DO >@ VWXGLHG DQ HIIHFW RI DFLGWUHDWHG PXOWLZDOOHG FDUERQ QDQRWXEHV
0:&17VDGGHGLQWRDVWDWLFFXOWXUHPHGLXP$;\OLQXPRQEDFWHULDOFHOOXORVHVWUXFWXUH
)LJ  7KH DFLGWUHDWHG 0:&17V ZLWK 2+ JURXSV ZHUH GLVSHUVHG XQLIRUPO\ LQ WKH
PHGLXP7KH%& ULEERQV LQWHUZRXQGZLWK WKH0:&17VDQG IRUPHG WKH WKUHHGLPHQVLRQDO
QHWZRUN>@

D E 
)LJ  6(0 PLFURJUDSKV RI D EDFWHULDO FHOOXOXRVH PHPEUDQH DQG E EDFWHULDO FHOOXORVH LQWHUZRXQG ZLWK
0:&17V>@

2\DDWDO>@GHYHORSHGDVLPSOHPHWKRGIRUPDNLQJ&17VKHHWVWKDWLVEDVHG
RQDWUDGLWLRQDOPHWKRGIRUPDNLQJ-DSDQHVHZDVKLSDSHU(OHFWULFDOO\FRQGXFWLYHZDVKLWKDW
FRQWDLQV6:&17V&17ZDVKL)LJ±ZDVPDGHE\FRPELQLQJDWUDGLWLRQDO-DSDQHVH
SURFHVVDQGD6:&17GLVSHUVLQJSURFHVVWKDWXVHVDVXUIDFWDQW LQSXUHZDWHU&RQWUROOLQJ
WKH DPRXQW RI DGGHG 6:&17V FDQ HDVLO\ VHW WKH HOHFWULFDO FRQGXFWLYLW\ RI WKH SDSHU
+RZHYHUWKHFRQGXFWLYLW\RISDSHUZDVQRWXQLIRUP>@





D E 
)LJD1RUPDOZDVKLDQGE&17ZDVKL>@

D E 
)LJ6(0LPDJHVRIDQRUPDOZDVKLE&17ZDVKL>@







 0$7(5,$/6$1'0(7+2'6
 0DWHULDOV
x PXOWLZDOOHGFDUERQQDQRWXEHV0:&17V7KRPDV6ZDQ(OLFDUESXULW\±
x VRGLXPGRGHF\OVXOSKDWH6'6%LRFKHPLFDO
x QLWULFDFLG+126FKDUODQ
x VXOSKXULFDFLG+620HUFN±
x DPPRQLXPK\GUR[LGH1+2+3URODER
x K\GURJHQSHUR[LGH+26LJPD$OGULFK
x VRIWZRRGVXOSKLWHSXOS'RPM|$%6ZHGHQ
x SRWDVVLXPK\GURJHQSKRVSKDWH.+320HUN
x SRWDVVLXPGLK\GURJHQSKRVSKDWH.+320HUN
x HQ]\PHHQGRJOXFDQDVH1RYR]\P$6'HQPDUN
x 0LOL4ZDWHU0:FP

 &17VVXVSHQVLRQ
0XOWLZDOOHG FDUERQ QDQRWXEHV 0:&17V SUHSDUHG E\ FKHPLFDO YDSRXU GHSRVLWLRQ
DYHUDJHRXWHU GLDPHWHU±QPZLWK OHQJWK LQRUGHURI WHQVRIPLFURQVZHUHREWDLQHG
IURP7KRPDV6ZDQ(OLFDUEDQGWKUHHGLIIHUHQWPHWKRGVXVLQJVXUIDFWDQWDFLGLFDQGEDVLF
R[LGDWLYHWUHDWPHQWZHUHXVHGLQRUGHUWRSUHSDUH0:&17VDTXHRXVVXVSHQVLRQ8OWUDSXUH
ZDWHUUHVLVWLYLW\0:FPZDVXVHGLQDOOH[SHULPHQWV
 6XUIDFWDQWWUHDWPHQW67
$QLRQLF VXUIDFWDQW VRGLXPGRGHF\O VXOSKDWH 6'6ZDVXVHG PORIVROXWLRQRI
6'6 ZDV SUHSDUHG DQG J RI 0:&17V ZDV DGGHG UDWLR 6'60:&17V LV  >@
6XVSHQVLRQZDVSUHSDUHGE\KLJKVKHDUPL[LQJ 8OWUD7XUUD[7EDVLF ,.$ USP
KRXUIROORZHGE\VRQLFDWLRQZLWK URGW\SHVRQLFDWRUIRU[PLQ %UDQVRQ6RQLILHU
RXWSXWSXOVLQJVRQVRII>@
7KHQ VXVSHQVLRQZDVFHQWULIXJHGXVLQJ USP IRU PLQ 6RUYDOO5&3OXV
URWRU66 FHQWULIXJDO IRUFHDSSUR[ J6XSHUQDWDQWZDV UHPRYHGDQGSUHFLSLWDQW
ZDV UHGLVSHUVHG LQ PO RI ZDWHU E\ [ PLQ VRQLFDWLRQ XVLQJ URGW\SH VRQLFDWRU
6XVSHQVLRQZDV FHQWULIXJHG DJDLQ DW  USP IRU PLQ 6RUYDOO 6XSHU 7 URWRU 67
+ DSSUR[  J 6XSHUQDWDQW ZDV FROOHFWHG DQG NHSW DV VWDEOH KRPRJHQRXV
0:&17VVXVSHQVLRQ)LJ
PORI0:&17VVXVSHQVLRQ LQ URXQGERWWRPIODVNZDVIUHH]HG LQ OLTXLGQLWURJHQDQG
IUHH]HGULHGXVLQJ IUHH]HGULHU $/3+$/'3OXV&KULVW)UHH]HGULHGVXVSHQVLRQZDV
XVHGIRUWKHUPRJUDYLPHWULFDQDO\VLVWRGHWHUPLQHWKHUDWLREHWZHHQ6'6DQG0:&17VDQG
WRGHWHUPLQHWKHFRQFHQWUDWLRQRI0:&17VLQWKHVXVSHQVLRQ  
 $FLGLFWUHDWPHQW$7
7KH WUHDWPHQW ZDV GRQH DFFRUGLQJ WR <DQ = DW DO >@  PJ RI 0:&17V ZDV
GLVSHUVHG LQPORIPL[WXUHRI+12 DQG+62 ± LQ UDWLR0L[WXUH
ZDVVWLUUHGZLWKPDJQHWLFVWLUUHUDQGUHIOX[HGDW&IRUKRXUV$IWHUWKDWLWZDVGLOXWHG
LQWRDSSUR[PORIZDWHUILOWUDWHGRQ37)(PHPEUDQH$GYDQWHFKSRUHVL]HQP
DQGZDVKHGZLWKZDWHUXQWLOS+ :HWFDNHRI0:&17VZDVUHGLVSHUVHGLQDSSUR[PO
ZDWHU DQG VRQLFDWHG IRU  PLQ XVLQJ URG W\SH VRQLFDWRU RXWSXW   DQG VWDEOH
KRPRJHQRXVVXVSHQVLRQZDVREWDLQHG




PORI0:&17V VXVSHQVLRQZDV HYDSRUDWHGXVLQJ5RWDYDSRU %FKL5RWDYDSRU5
 LQRUGHUWR LQFUHDVHWKHFRQFHQWUDWLRQRI0:&17V&RQFHQWUDWHGVXVSHQVLRQYROXPH
DSSUR[ PO LQ URXQG ERWWRP IODVNZDV IUHH]HGULHG5HVXOWLQJ GU\0:&17V VXVSHQVLRQ
ZDVZHLJKHGDQGIURPREWDLQHGYDOXHFRQFHQWUDWLRQZDVGHWHUPLQHG

$GMXVWLQJFRQGLWLRQRIDFLGLFWUHDWPHQW
PJRI0:&17VZDVGLVSHUVHGLQPORIPL[WXUHRI+12DQG+62
LQUDWLR0L[WXUHZDVVWLUUHGZLWKPDJQHWLFVWLUUHUDQGUHIOX[HGDW&IRUKRXUV
6DPSOHV RI 0:&17V ZHUH WDNHQ GXULQJ WKH UHDFWLRQ DIWHU    DQG  KRXUV PO RI
UHDFWLRQPL[WXUHZDVGLOXWHGLQWRDSSUR[PORIZDWHUILOWUDWHGXVLQJQ\ORQPHPEUDQH
$OGULFK SRUH VL]H QP DQG ZDVKHG ZLWK ZDWHU 0:&17V ZHUH ZDVKHG IURP WKH
PHPEUDQHGLOXWHGZLWKZDWHUWRREWDLQDSSUR[PORIVXVSHQVLRQDQGVRQLFDWHGIRUPLQ
XVLQJURGW\SHVRQLFDWRURXWSXWGXW\F\FOH$OOVXVSHQVLRQVZHUHVWDEOH LQZDWHU
)LJ&RQFHQWUDWLRQRIVXVSHQVLRQZDVGHWHUPLQHGE\899,6VSHFWURSKRWRPHWHU 89
9LVLEOH 6SHFWURSKRWRPHWHU &DU\  %LR 9DULDQ ([WLQFWLRQ FRHIILFLHQW ZDV WDNHQ IURP
SUHYLRXV H[SHULPHQW ZKHUH FRQFHQWUDWLRQ ZDV GHWHUPLQHG IURP WKH GU\ FRQWHQW DQG
FDOLEUDWLRQFXUYHZDVSORWWHG
 %DVLFR[LGDWLYHWUHDWPHQW%7
PJRI0:&17VZDVGLVSHUVHGLQPORIPL[WXUHRI1+2+DQG+2
LQ UDWLR >@0L[WXUHZDVVWLUUHGZLWKPDJQHWLFVWLUUHUDQG UHIOX[HGDW&IRUKRXUV
0L[WXUHZDVFRROHGWRDPELHQW WHPSHUDWXUHDQGDOORZHG WRVHWWOHGRZQIRUDSSUR[PLQ
8SSHUFOHDU OLTXLGZDVUHPRYHGDQG0:&17VZHUHZDVKHGZLWKZDWHURQPHPEUDQHZLWK
SRUHV VL]H QP $IWHU WKDW WKH ZHW FDNH ZDV ZDVKHG IURP WKH PHPEUDQH GLOXWHG WR
UHVXOWLQJYROXPHRIDSSUR[PORIZDWHUDQGVRQLFDWHGZLWKURGW\SHVRQLFDWRUIRUPLQ
RXWSXW
%HFDXVH RI VWDEOH VXVSHQVLRQ ZDV QRW REWDLQHG LW ZDV FHQWULIXJH IRU  PLQ DW
USP DSSUR[  J DQG VXSHUQDWDQW FOHDU ZDWHU ZDV UHPRYHG 3UHFLSLWDQW ZDV
UHGLVSHUVHG LQPORI6'6VROXWLRQ 6'60:&17V  >@ E\KLJKVKHDUPL[LQJ
8OWUD 7XUUD[  USP IRU  KRXU IROORZHG E\ VRQLFDWLRQ ZLWK URGW\SH VRQLFDWRU IRU
[PLQRXWSXW>@$IWHUWKDWVWDEOHVXVSHQVLRQZDVFHQWULIXJHGDWUSP
IRUPLQDSSUR[JLQRUGHUWRUHPRYHDJJORPHUDWHVRI0:&17V6XSHUQDWDQWZDV
FROOHFWHGDQGXVHGIRUIXUWKHUH[SHULPHQWVDVDVWDEOH0:&17VVXVSHQVLRQ)LJ
PORI0:&17VVXVSHQVLRQ LQ URXQGERWWRPIODVNZDVIUHH]HG LQ OLTXLGQLWURJHQDQG
IUHH]HGULHG)UHH]HGULHG0:&17VZDVXVHGIRUWKHUPRJUDYLPHWULFDQDO\VLV


)LJ6FKHPDWLFUHSUHVHQWDWLRQRIWKHDWWDFNWRWKH0:&17VGXULQJWKHR[LGDWLRQSURFHVV>@





)LJ 0:&17V VXVSHQVLRQV SUHSDUHG E\ GLIIHUHQW WUHDWPHQWV 67   XVLQJ VXUIDFWDQW %7   EDVLF R[LGDWLYH
WUHDWPHQWDQG$7KRXU DFLGWUHDWPHQWIRUKRXU

 6XVSHQVLRQFKDUDFWHULVDWLRQ
 7KHUPRJUDYLPHWULFDQDO\VLV7*$
7KHUPRJUDYLPHWULF$QDO\VLV 7*$PHDVXUHVWKHZHLJKWFKDQJHDQG UDWHRIFKDQJH LQ
WKHZHLJKW RI DPDWHULDO DV D IXQFWLRQ RI WHPSHUDWXUH RU WLPH LQ D FRQWUROOHG DWPRVSKHUH
0HDVXUHPHQWVDUHXVHGSULPDULO\ WRGHWHUPLQH WKHFRPSRVLWLRQRIPDWHULDOVDQG WRSUHGLFW
WKHLUWKHUPDOVWDELOLW\DWWHPSHUDWXUHVXSWR&7KHWHFKQLTXH)LJFDQFKDUDFWHUL]H
PDWHULDOV WKDW H[KLELW ZHLJKW ORVV RU JDLQ GXH WR GHFRPSRVLWLRQ R[LGDWLRQ RU GHK\GUDWLRQ
8VLQJ 7*$ PHWKRG RQH FDQ GHWHUPLQH WKHUPDO DQG R[LGDWLYH VWDELOLW\ RI PDWHULDOV
FRPSRVLWLRQ RI PXOWLFRPSRQHQW V\VWHPV DQG OLIHWLPH RI D VDPSOH GHFRPSRVLWLRQ NLQHWLF
HIIHFWRIUHDFWLYHRUFRUURVLYHDWPRVSKHUHDQGPRLVWXUHDQGYRODWLOHVFRQWHQWRIPDWHULDO>@

)LJ6LPSOLILHGGLDJUDPRIVHWWLQJIRU7*$>@





7*$7*$6'7$H0HWWOHU7ROHGR)LJZDVSHUIRUPHGLQRUGHUWRGHWHUPLQHWKH
QHW DPRXQW RI 0:&17V LQ IUHH]HGULHG VXVSHQVLRQ DQG ZDV GRQH IRU 67 DQG %7
VXVSHQVLRQ $V D FRQWURO SXUH 6'6 DQG 0:&17V ZHUH XVHG 7*$ ZDV SHUIRUPHG LQ
WHPSHUDWXUH UDQJH IURP & WR & KHDWLQJ UDWH PLQ LQ DOXPLQD FXS XQGHU
QLWURJHQDWPRVSKHUH IORZPOPLQ)URPREWDLQHG UHVXOWVFRQFHQWUDWLRQRI0:&17V LQ
VXVSHQVLRQVZDVFDOFXODWHG


)LJ7*$0HWWOHU7ROHGR
 899,6VSHFWURVFRS\
%XQGOHG FDUERQ QDQRWXEHV DUH QRW DFWLYH LQ WKH 89±9,6 UHJLRQ DQG RQO\ LQGLYLGXDO
FDUERQQDQRWXEHVDEVRUE LQ WKLV UHJLRQ7KHUHIRUHGLVSHUVLRQRIFDUERQQDQRWXEHVFDQEH
FKDUDFWHUL]HGXVLQJ89±9,6DEVRUSWLRQVSHFWURVFRS\ )LJ&RQFHQWUDWLRQRI0:&17V
GLVVROYHGRUGLVSHUVHGLQWRWKHVROXWLRQFDQWKHQEHGHWHUPLQHGXVLQJWKHVSHFL¿FH[WLQFWLRQ
FRHIILFLHQWRIFDUERQQDQRWXEHV>@






)LJ6FKHPDWLFLOOXVWUDWLRQRI899,6VSHFWURSKRWRPHWHU>@

0:&17VVXVSHQVLRQVZHUHGLOXWHGLQRUGHUWRJHWFRQFHQWUDWLRQVHULHVDQGDEVRUEDQFH
DW QP >@ LQ FDVH RI 67 DQG%7 VXVSHQVLRQ DQG DEVRUEDQFH DW QP >@ IRU $7
VXVSHQVLRQVZHUHPHDVXUHGXVLQJ899,6VSHFWURSKRWRPHWHU7KHFXYHWWHOHQJWKZDVFP
&DOLEUDWLRQ FXUYHV ZHUH SORWWHG DQG H[WLQFWLRQ FRHIILFLHQWV ZHUH FDOFXODWHG IRU IDVWHU
GHWHUPLQDWLRQRI0:&17VFRQFHQWUDWLRQ

 )LHOG(PLVVLRQ6FDQQLQJ(OHFWURQ0LFURVFRS\6(0DQDO\VLV
7KH VFDQQLQJ HOHFWURQ PLFURVFRSH 6(0 LV YHU\ SRZHUIXO WHFKQLTXH IRU VXUIDFH
FKDUDFWHUL]DWLRQ RI KHWHURJHQHRXV RUJDQLF DQG LQRUJDQLF PDWHULDOV RQ QDQRPHWHU QP WR
PLFURPHWHU PP VFDOH 6(0 LV FDSDEOH RI REWDLQLQJ WKUHHGLPHQVLRQDOOLNH LPDJHV RI WKH
VXUIDFHVRIWKHYHU\ZLGHUDQJHRIPDWHULDOV>@ 
$PDMRUUHDVRQIRUWKH6(0¶VXVHIXOQHVVLVWKHKLJKUHVROXWLRQRQWKHRUGHURI±QP
$QRWKHULPSRUWDQWIHDWXUHRIWKH6(0LVWKHODUJHGHSWKRIILHOGZKLFKLVLQSDUWUHVSRQVLEOH
IRUWKHWKUHHGLPHQVLRQDODSSHDUDQFHRIWKHVSHFLPHQLPDJH>@
7KHEDVLFFRPSRQHQWVRI WKH6(0DUH WKH OHQVV\VWHPWKHHOHFWURQJXQ WKHHOHFWURQ
FROOHFWRU WKH YLVXDO DQG SKRWRUHFRUGLQJ FDWKRGH UD\V WXEHV &57V DQG WKH DVVRFLDWHG
HOHFWURQLFV)LJOHIW>@,WXVHVDIRFXVHGEHDPRIKLJKHQHUJ\HOHFWURQVWRJHQHUDWHD
YDULHW\RI VLJQDOVDW WKH VXUIDFHRIVROLG VSHFLPHQV7KHVLJQDOV WKDWGHULYH IURPHOHFWURQ
VDPSOH LQWHUDFWLRQV UHYHDO LQIRUPDWLRQ DERXW WKH VDPSOH LQFOXGLQJ H[WHUQDO PRUSKRORJ\
FKHPLFDO FRPSRVLWLRQ DQG FU\VWDOOLQH VWUXFWXUHDQGRULHQWDWLRQ RIPDWHULDOVPDNLQJ XS WKH
VDPSOH>@
$FFHOHUDWHGHOHFWURQVDLPHGDWDPDWHULDOVXUIDFHUHVXOWLQDQXPEHURILQWHUDFWLRQVZLWK
WKHDWRPVRI WKH WDUJHW VDPSOH$FFHOHUDWHGHOHFWURQV FDQHLWKHUSDVV WKURXJK WKH VDPSOH
ZLWKRXWLQWHUDFWLRQRUXQGHUJRHODVWLFRULQHODVWLFVFDWWHULQJ(ODVWLFDQGLQHODVWLFVFDWWHULQJ
UHVXOW LQ DQXPEHURI VLJQDOV WKDW DUHXVHG IRU LPDJLQJ TXDQWLWDWLYHDQGVHPLTXDQWLWDWLYH
LQIRUPDWLRQRIWKHWDUJHWVDPSOHDQGJHQHUDWLRQRIDQ;UD\VRXUFH7\SLFDOVLJQDOVXVHGIRU
LPDJLQJ LQFOXGH VHFRQGDU\ HOHFWURQV 6( UHYHDO VXUIDFH WRSRJUDSK\ EDFNVFDWWHUHG
HOHFWURQV %6( UHYHDO FKHPLFDO FRPSRVLWLRQ FDWKRGROXPLQHVFHQFH &/ DXJHUHOHFWURQV
DQGFKDUDFWHULVWLF;UD\V)LJULJKW>@






)LJ%DVLFSULQFLSDORI6(0OHIW>@DQGVLJQDOVDYDLODEOH LQD6(0GXHWRHOHFWURQEHDPLQWHUDFWLRQULJKW
>@

6(0 DQDO\VLV ZDV SHUIRUPHG LQ RUGHU WR LQYHVWLJDWH WKH TXDOLW\ RI WKH VXVSHQVLRQ
+LWDFKL6)LJ6PDOOVDPSOHVOD\HURI0:&17VGHSRVLWHGRQZHW0)&ILOPVDQG
GULHGZHUHFXWDQGSODFHGLQGHVLFDWRURYHUQLJKW7KHVDPSOHVZHUHPRXQWHGRQWRDPHWDO
VDPSOH KROGHU XVLQJ FROORLGDO JUDSKLWH 7HG 3HOOD ,QF )LJ  DQG ZHUH XVHG ZLWKRXW
FRDWLQJ/RZDFFHOHUDWLQJYROWDJHN9DQGVKRUWZRUNLQJGLVWDQFH±PPZHUHXVHG
6HFRQGDU\HOHFWURQ GHWHFWRUZDV XVHG )RU HDFK VDPSOH SLFWXUHV RI WKH VDPHDUHDZHUH
WDNHQXQGHUWZRGLIIHUHQWPDJQLILFDWLRQV

D  E 
)LJ6(0VDPSOHKROGHUZLWKVDPSOHVDWWDFKHGXVLQJFROORLGDOJUDSKLWHDWRSYLHZDQGEVLGHYLHZ






)LJ)LHOGHPLVVLRQVFDQQLQJHOHFWURQPLFURVFRSH+LWDFKL6

 0LFURILEULOODWHGFHOOXORVH0)&SUHSDUDWLRQ
0LFURILEULOODWHG FHOOXORVH 0)& ZDV SUHSDUHG IURP VRIWZRRG VXOSKLWH SXOS XVLQJ
HQ]\PDWLF WUHDWPHQW DFFRUGLQJ WR +HQULNVVRQ >@ 3ULRU HQ]\PDWLF WUHDWPHQW ILEUHV ZHUH
PHFKDQLFDOO\ WUHDWHGE\ UHILQLQJ 37,GLVLQWHJUDWRU7LFR+HQJVWOHU UHYROXWLRQV
DQG EHDWLQJ 3),PLO  UHYROXWLRQV LQ RUGHU WR PDNH FHOOXORVH PRUH DFFHVVLEOH WR
HQ]\PHV$IWHU WKDWHQ]\PDWLF WUHDWPHQWZDVSHUIRUPHGSXOSZDVGLVSHUVHG LQEXIIHU
VROXWLRQS+ FRQWDLQLQJPPRORI.+32DQGPPRORI.+32DQGUHODWHG
WRWKHZHLJKWRIWKHSXOSRIHQ]\PHHQGRJOXFDQDVHZDVDGGHG7KLVHQ]\PHLVVXSSRVHG
WRGHJUDGHFHOOXORVHLQGLVRUGHUHGUHJLRQV7KHZRRGSXOSILEUHVZHUHLQFXEDWHGIRUKRXUV
DW&DQGZDVKHGZLWKGHLQRL]HGZDWHURQ%FKQHUIXQQHO$IWHUWKDWORIERLOLQJZDWHU
ZDVDGGHGDQGILEUHVZHUHLQFXEDWHGDJDLQDW&IRUPLQWRVWRSWKHHQ]\PHDFWLYLW\
DQGZDVKHG)LEUHVZHUHEHDWHQDJDLQUHYROXWLRQV
ILEUHVXVSHQVLRQLQZDWHUZDVVXEMHFWHGWRWKHVKHDUIRUFHVXVLQJ0LFURIOXLGL]HU0
(+0LFURIOXLGLFV,QF86$'XULQJWKHSURFHVVWKHVXVSHQVLRQYLVFRVLW\LQFUHDVHGZLWK
LQFUHDVLQJQXPEHURISDVVHVWKURXJKWKHKRPRJHQL]HU>@5HVXOWLQJVXVSHQVLRQRI0)&
ZDVNHSWDW&)LJ






)LJ0)&VXVSHQVLRQ

 &RPSRVLWHILOPSUHSDUDWLRQDQGFKDUDFWHUL]DWLRQ
)RUFRPSRVLWHILOPSUHSDUDWLRQIROORZLQJFRPSRVLWLRQZDVXVHG7DE7ZRGLIIHUHQW
VL]HVRIILOPVZHUHPDGHGLDPHWHUPPIRUWHQVLOHWHVW7*$DQG6(0DQGPPIRU
UHVLVWLYLW\PHDVXUHPHQWDQGWKLFNQHVVZDV±PP





7DE&RPSRVLWLRQXVHGIRUILOPVSUHSDUDWLRQ
'U\FRQWHQWRI0)& 
:HLJKWRIGU\0)&ILOPJ
VPDOO ODUJH
 
:HLJKWRIZHW0)&ILOPJ  
&RQFHQWUDWLRQRI0:VXVS
67 
%7 
$7 

ZWRI
0:&17V
ZHLJKWRI
0:&17VPJ YROXPHRI0:&17VVXVSPO
 6PDOO ODUJH
67 %7 $7
VPDOO /DUJH VPDOO ODUJH VPDOO ODUJH
        
        
        
        
        
        
ZDVQRWSUHSDUHGEHFDXVHRIWKHDPRXQWRI$7VXVSHQVLRQZDVQRWHQRXJKDQGEHFDXVHRI
OLPLWHGWLPHDGGLWLRQDODPRXQWFRXOGQWEHPDGH

0:&17V VXVSHQVLRQ ZDV DGGHG WR 0)& QDQRILEUHV WRWDO YROXPH ZDV DGMXVWHG WR
DSSUR[ PO ZW RI 0)& DQG PL[HG XVLQJ KLJK VKHDU PL[LQJ  USP IRU
[PLQIROORZHGE\VWLUULQJZLWKPDJQHWLFVWLUUHUIRUGD\$IWHUWKDWZDWHUZDVUHPRYHG
XVLQJYDFXXPILOWUDWLRQ)LJUHVXOWLQJLQDZHWILOP2EWDLQHGILOPWRSVLGHRIWKHILOPZDV
PDUNHGZDVVWXFNLQEHWZHHQRIWZRPHWDOOLFJULGVSODFHGLQEHWZHHQRIWZRVKHHWVRIILOWHU
SDSHUDQGGULHGDW&DQGYDFXXPIRUPLQLQVKHHWIRUPHU5DSLG.RWKHQ5.$.:7
37, )LJ  &RQWURO VDPSOH 0)& ILOPZDV SUHSDUHG XVLQJ WKH VDPH SURFHGXUH
3KRWRJUDSKVRIFRPSRVLWHILOPVDUHVKRZQRQWKH)LJ±






)LJ)LOWUDWLRQVHWXSXVHGIRUFRPSRVLWHILOPSUHSDUDWLRQ


)LJ6KHHWIRUPHU5DSLG.RWKHQ






)LJ&RPSRVLWHILOPV0)&0:&17VVXUIDFWDQWWUHDWPHQW0:&17VFRQWHQW±ZW

)LJ&RPSRVLWHILOPV0)&0:&17VEDVLFR[LGDWLYHWUHDWPHQW0:&17VFRQWHQW±ZW


)LJ&RPSRVLWHILOPV0)&0:&17VDFLGWUHDWPHQWIRUKRXU0:&17VFRQWHQW±ZW





 7*$DQDO\VLV
7KHUPRJUDYLPHWULFDQDO\VLVZDVGRQHLQRUGHUWRREWDLQH[DFW0:&17VFRQWHQW LQWKH
FRPSRVLWH ILOPV7*$ZDVSHUIRUPHG LQ WHPSHUDWXUH UDQJH IURP& WR& KHDWLQJ
UDWHPLQLQDOXPLQDFXSXQGHUQLWURJHQDWPRVSKHUHIORZPOPLQ
 6XUIDFHUHVLVWLYLW\PHDVXUHPHQW
7ZRPHWKRGV DUH XVXDOO\ XVHG IRU GHWHUPLQDWLRQ RI UHVLVWLYLW\FRQGXFWLYLW\ YDOXHV 7KH
¿UVWRQHLVEDVHGRQWKHHOHFWULFDOSURSHUWLHVRIWKHWHVWVSHFLPHQVXUIDFHZKLOHWKHVHFRQG
RQHLVEDVHGRQWKHEXONHOHFWULFDOFKDUDFWHULVWLFVRI WKHWHVWPDWHULDO6XUIDFHH[SHULPHQWV
DUHXVHGPRUHIUHTXHQWO\IRUHYDOXDWLRQRIHOHFWULFDOSURSHUWLHVRISRO\PHUPDWHULDOV>@
6XUIDFHUHVLVWLYLW\LVGHILQHGDVWKHHOHFWULFDOUHVLVWDQFHRIWKHVXUIDFHRIDPDWHULDO,WLV
PHDVXUHGIURPHOHFWURGHWRHOHFWURGHDORQJWKHVXUIDFHRIWKHVDPSOH6LQFHVXUIDFHOHQJWK
LV IL[HG WKH PHDVXUHPHQW LV LQGHSHQGHQW RI WKH SK\VLFDO GLPHQVLRQV LH WKLFNQHVV DQG
GLDPHWHURIWKHVDPSOH>@
6XUIDFHUHVLVWLYLW\U6ZDVPHDVXUHGRQERWKVLGHVRIWKHVDPSOHVXVLQJ.HLWKO\%
(OHFWURPHWHU+LJK 5HVLVWLYLW\ 0HWHU WRJHWKHU ZLWK D .HLWKO\  5HVLVWLYLW\ 7HVW )L[WXUH
)LJ7KHPHDVXUHPHQWZDVSHUIRUPHGLQ8QLYHUVLW\RI3HUXJLD7HUQL,WDO\
6XUIDFH UHVLVWLYLW\ZDVPHDVXUHGE\DSSO\LQJDYROWDJHSRWHQWLDODFURVV WKHVXUIDFHRI
WKH VDPSOH PHDVXULQJ WKH UHVXOWDQW FXUUHQW DQG WKHQ SHUIRUPLQJ WKH IROORZLQJ FDOFXODWLRQ
>@

RKPV
,
9
6  U          
:KHUH U6LVWKHVXUIDFHUHVLVWLYLW\RIWKHVDPSOH
  9LVWKHDSSOLHGYROWDJHIURPWKH(OHFWURPHWHU
,LVWKHFXUUHQWUHDGLQJIURPWKH(OHFWRPHWHU>@

'HULYDWLRQRIUHVLVWLYLW\HTXDWLRQ
7KH$670VWDQGDUGVWDWHVWKDWVXUIDFHUHVLVWLYLW\VKDOOEHFDOFXODWHGDVIROORZV
5
J
3 6U           
:KHUH 5LVWKHVXUIDFHUHVLVWDQFHLQRKPV
J LV WKH GLVWDQFH EHWZHHQ WKH JXDUGHG HOHFWURGH DQG WKH ULQJ HOHFWURGH
LQFKHV
3 LV WKH HIIHFWLYH SHULPHWHU RI WKH JXDUGHG HOHFWURGH IRU WKH SDUWLFXODU
HOHFWURGHDUUDQJHPHQWHPSOR\HG

)RUWKH0RGHOWKDWZDVXVHGIRUWKHPHDVXUHPHQWDQGKDVFLUFXODUHOHFWURGHV3
LVFDOFXODWHGDVIROORZV
ʌ'3             
:KHUH'LVWKHHIIHFWLYHGLDPHWHURIWKHJXDUGHGHOHFWURGHLQFKHV7KXV
ʌ3            

%\VXEVWLWXWLQJWKHYDOXHVIRUJDQG3LQWRHTLWEHFRPHV
55

   SU 6         





6XUIDFH UHVLVWDQFH 5 LV GHULYHG E\ GLYLGLQJ WKH DSSOLHG WHVW YROWDJH 9 E\ WKH
VXEVHTXHQWPHDVXUHGFXUUHQW,%\VXEVWLWXWLQJ5ZLWK9,HTLVREWDLQHG>@
D E 
)LJD.HLWKO\5HVLVWLYLW\7HVW)L[WXUH>@DQGEHOHFWURGHGLPHQVLRQV>@
 7HQVLOHWHVW
$ WHQVLOH WHVW LV SUREDEO\ WKH PRVW IXQGDPHQWDO W\SH RI PHFKDQLFDO WHVW WKDW FDQ EH
SHUIRUPHG RQ PDWHULDO 7HQVLOH WHVWV DUH VLPSOH UHODWLYHO\ LQH[SHQVLYH DQG IXOO\
VWDQGDUGL]HG,QWKHLQLWLDOSDUWRIWKHWHQVLOHWHVWWKHUHODWLRQVKLSEHWZHHQWKHDSSOLHGIRUFH
RUORDGDQGWKHHORQJDWLRQRIWKHVSHFLPHQLVOLQHDU,QWKLVOLQHDUUHJLRQWKHUDWLRRIVWUHVV
ıWRVWUDLQİLVDFRQVWDQW)LJD
V
H
 (            
DQG(LVWKHVORSHRIWKHOLQHLQWKLVUHJLRQLWLVFDOOHGWKH<RXQJV0RGXOXV7KH(TXDWLRQ
LVNQRZQDV+RRNHVODZ
7KH<RXQJ¶VPRGXOXVLVDPHDVXUHRIWKHVWLIIQHVVRIWKHPDWHULDOEXWLWRQO\DSSOLHVLQ
WKHOLQHDUUHJLRQRI WKHFXUYH,IDVSHFLPHQLV ORDGHGZLWKLQWKLV OLQHDUUHJLRQWKHPDWHULDO
ZLOOUHWXUQWRLWVRULJLQDOVWDWHDIWHUUHPRYLQJWKHORDG$WWKHSRLQWWKDWWKHFXUYHLVQRORQJHU
OLQHDU DQG GHYLDWHV IURP WKH VWUDLJKWOLQH UHODWLRQVKLS+RRNH
V /DZ QR ORQJHU DSSOLHV DQG
SHUPDQHQWGHIRUPDWLRQRFFXUVLQWKHVSHFLPHQ7KLVSRLQWLVFDOOHGWKHHODVWLFRUSURSRUWLRQDO
OLPLW )URP WKLV SRLQW RQ WKH PDWHULDO UHDFWV SODVWLFDOO\ WR DQ\ IXUWKHU LQFUHDVH LQ ORDG RU
VWUHVV,WZLOOQRWUHWXUQWRLWVRULJLQDOXQVWUHVVHGFRQGLWLRQLIWKHORDGZDVUHPRYHG
$YDOXHFDOOHG\LHOGVWUHQJWKRIDPDWHULDOLVGHILQHGDVWKHVWUHVVDSSOLHGWRWKHPDWHULDO
DWZKLFKSODVWLFGHIRUPDWLRQVWDUWVWRRFFXUZKLOHWKHPDWHULDOLVORDGHG7KHPD[LPXPORDG
WKHVSHFLPHQVXVWDLQVGXULQJWKHWHVWLVFDOOHGXOWLPDWHWHQVLOHVWUHQJWK8767KH876PD\
RUPD\QRWHTXDWHWRWKHVWUHQJWKDWEUHDNGHSHQGLQJRQWKHPDWHULDO>@
7HQVLOH WHVWZDVSHUIRUPHGXVLQJ0LQLDWXUH0DWHULDOV7HVWHU0LQL0DWZLWK ORDGLQJ
FHOO15HFWDQJXODUVDPSOHVZLWKGLPHQVLRQV[PPZHUH WHVWHG7KHJDSEHWZHHQ
WKH FODPSVZDV PPDQG ORDGLQJ UDWHZDVPPPLQ DQG WHVWZDV SHUIRUPHG XQWLO WKH
VDPSOHEURNH6WUHVVVWUDLQFXUYHVZHUHUHFRUGHGE\FRPSXWHUDQGXVHGIRUIXUWKHUDQDO\VLV
<RXQJVPRGXOXVWHQVLOHVWUHQJWKDQGVWUDLQWRIDLOXUHZHUHFDOFXODWHGXVLQJ0DWODE





D E 
)LJ  7\SLFDO VWUHVV VWUDLQ FXUYH RI0)& ILOP DFFRUGQJ WR >@ E VDPSOH FODPSHG LQ VWHHO FODPSV GXULQJ
WHQVLOHWHVW


 6(0DQDO\VLV
,Q RUGHU WR LQYHVWLJDWH WKH VXUIDFHRI FRPSRVLWH ILOPV 6(0DQDO\VLVZDV GRQH6PDOO
VDPSOHV[PPZHUHFXWDQGSODFHGLQGHVLFFDWRURYHUQLJKW7KHVDPSOHVZHUHPRXQWHG
RQWRDPHWDOVDPSOHKROGHUXVLQJFROORLGDOJUDSKLWHDQGFRDWHGZLWKFDUERQ&DUERQFRDWHU
&UHVVLQJWRQFDUERQ$VDQGZLWKJROGSDOODGLXP6SXWWHUFRDWHU&UHVVLQJWRQ+5
QP /RZ DFFHOHUDWLQJ YROWDJH ±N9 VKRUW ZRUNLQJ GLVWDQFH ±PP DQG
VHFRQGDU\HOHFWURQGHWHFWRUZHUHXVHG(DFKVDPSOHZDVLQYHVWLJDWHGERWKIURPLWVWRSVLGH
DQGERWWRPVLGHDQGSLFWXUHVRIWKHVDPHDUHDZHUHWDNHQXQGHUGLIIHUHQWPDJQLILFDWLRQV




 5(68/76$1'',6&866,21
 &17VVXVSHQVLRQ
0:&17VVXVSHQVLRQZDVSUHSDUHGXVLQJ WKUHHGLIIHUHQWSUHWUHDWPHQWV QRQFRYDOHQW
PRGLILFDWLRQXVLQJVXUIDFWDQW67DQGWZRFRYDOHQWPRGLILFDWLRQVXVLQJDFLGLFWUHDWPHQW$7
DQGEDVLFR[LGDWLYHWUHDWPHQW%7$OO&17VVXVSHQVLRQVDSSHDUHGEODFNDQGKRPRJHQRXV
ZLWKRXWYLVLEOHDJJORPHUDWHV
 'U\FRQWHQWGHWHUPLQDWLRQ
'U\ FRQWHQW ZDV GHWHUPLQHG E\ IUHH]HGU\LQJ RI 0:&17V VXVSHQVLRQV DQG UHVXOWLQJ
YDOXHV DUH VXPPDUL]HG LQ 7DE 9DOXH REWDLQHG IRU$7 VXVSHQVLRQ LV DFWXDOO\0:&17V
FRQFHQWUDWLRQLQWKHVXVSHQVLRQEHFDXVHQRVXUIDFWDQWZDVXVHG+RZHYHUIRU67DQG%7
VXVSHQVLRQREWDLQHGYDOXHVUHIHUWRGU\FRQWHQWRIERWK0:&17VDQGVXUIDFWDQW7KHUHIRUH
WKHUPRJUDYLPHWULFDQDO\VLVKDGWREHGRQHLQRUGHUWRJHWH[DFW0:&17VFRQFHQWUDWLRQ

7DE'U\FRQWHQWYDOXHVGHWHUPLQHGE\IUHH]HGU\LQJ
6XVSHQVLRQ7\SH 'U\FRQWHQWPJPO
67 
%7 
$7KRXUV 
GU\FRQWHQWRI0:&17VDQGVXUIDFWDQW
GU\ FRQWHQW ZDV PHDVXUHG RQO\ IRU VXVSHQVLRQ WUHDWHG IRU  KRXUV 5HPDLQLQJ
FRQFHQWUDWLRQVWUHDWPHQWIRU±KRXUVZHUHGHWHUPLQHGE\89

 7KHUPRJUDYLPHWULFDQDO\VLV7*$
7KHUPRJUDYLPHWULFDQDO\VLVZDVSHUIRUPHGIRU67DQG%7VXVSHQVLRQV)URPREWDLQHG
FXUYHV)LJ0:&17VFRQFHQWUDWLRQVLQWKHVXVSHQVLRQVZHUHFDOFXODWHG





)LJ7*$SURILOHVIRUSXUH6'6DVUHFHLYHG0:&17V67DQG%7VXVSHQVLRQV
2Q WKH )LJ WKH UHG FXUYH FRUUHVSRQGV WR DV UHFHLYHG0:&17V 7KHZHLJKW ORVV
VWDUWVWREHVLJQLILFDQWDWDURXQGÛ&DQGJUDGXDOO\GHFUHDVHVXSWRÛ&,WLVZHOONQRZQ
WKDWGLIIHUHQWVWUXFWXUDO IRUPVRIFDUERQFDQH[KLELWGLIIHUHQWR[LGDWLRQEHKDYLRXUGHSHQGLQJ
RQ WKHDYDLODEOH UHDFWLRQ VLWHV)RUH[DPSOH GLVRUGHUHGRUDPRUSKRXVFDUERQ WHQGV WREH
R[LGLVHGDWDURXQGÛ&EHFDXVHRILWVORZHUDFWLYDWLRQHQHUJ\IRUR[LGDWLRQRUGXHWRWKH
SUHVHQFHRID ODUJHQXPEHURIDFWLYHVLWHV2QWKHRWKHUKDQGDZHOOJUDSKLWL]HGVWUXFWXUHV
VWDUW WRR[LGLVHDWDUHODWLYHO\KLJKHUWHPSHUDWXUHEHWZHHQÛ&DQGÛ&GHSHQGLQJRQ
WKH W\SH RI &17V >@ 7KH RQVHW WHPSHUDWXUH LV DOVR LQIOXHQFHG E\ EXQGOH GLDPHWHU WKH
QXPEHURIZDOOVDQGWKHFU\VWDOOLQLW\RI&17V0DWHULDOWKDWUHPDLQVDWÛ&LVPHWDOR[LGHV
>@
7KH EODFN FXUYH FRUUHVSRQGV WR WKH SXUH 6'6 DQG WKH ZHLJK ORVV FDQ EH REVHUYHG
EHWZHHQ Û& DQG Û& 7KHUHIRUH IRU WKH FXUYHV FRUUHVSRQGLQJ WR 67 DQG %7
VXVSHQVLRQWKHZHLJKORVVRFFXUULQJEHWZHHQWKHVHWHPSHUDWXUHVLVDWWULEXWHGWRWKHORVVRI
6'6DQGWKHVHFRQGZHLJKORVVLVUHODWHGWR0:&17V
7KHREWDLQHGYDOXHVDUHVKRZQLQ7DEOH

7DE0:&17VFRQWHQWDQGFRQFHQWUDWLRQLQ67DQG%7VXVSHQVLRQVGHWHUPLQHGE\7*$DQGGU\FRQWHQW
6XVSHQVLRQ7\SH 0:&17VFRQWHQW 0:&17VFRQFHQWUDWLRQPJPO
67  
%7  

)RU$7VXVSHQVLRQGU\FRQWHQWZDVGHWHUPLQHGRQO\DIWHUKRXUVRIWKHWUHDWPHQWDQG
FRQFHQWUDWLRQV RI UHPDLQLQJ VXVSHQVLRQV ZHUH GHWHUPLQHG E\ 899,6 UHDGLQJ XVLQJ
FDOLEUDWLRQFXUYH





 899,6VSHFWURVFRS\
$EVRUEDQFHZDVPHDVXUHGDWQPLQFDVHRI67DQG%7VXVSHQVLRQDQGDWQP
IRU$7VXVSHQVLRQV%HFDXVHFRQFHQWUDWLRQVRIVXVSHQVLRQV67%7DQG$7KRXUVDUH
NQRZQ IURPGU\ FRQWHQWPHDVXUHPHQWDQG7*$ FDOLEUDWLRQ FXUYHVZHUHSORWWHG )LJ±
IRUIDVWGHWHUPLQDWLRQRIVXVSHQVLRQFRQFHQWUDWLRQ
$OOWKHUHVXOWVDUHVWUDLJKWOLQHV7KHUHIRUH/DPEHUW%HHUODZ(TXDWLRQFDQEHXVHGWR
GHWHUPLQHH[WLQFWLRQFRHIILFLHQWRI0:&17V 
OF$ H            
ZKHUH$LVDEVRUEDQFHHH[WLQFWLRQFRHIILFLHQWOWKHSDWKOHQJWKDQGFWKHFRQFHQWUDWLRQ>@
8VLQJ FDOLEUDWLRQ FXUYH $7  KRXUV FRQFHQWUDWLRQ RI VXVSHQVLRQV WUHDWHG IRU ±
KRXUVZHUHFDOFXODWHG&RQFHQWUDWLRQVRIDOOVXVSHQVLRQVDUHOLVWHGLQ7DEOH

7DE6XPPDU\RIFRQFHQWUDWLRQYDOXHVRI0:&17VVXVSHQVLRQV
6XVSHQVLRQ7\SH &RQFHQWUDWLRQPJPO
67 
%7 
$7KRXU 
$7KRXUV 
$7KRXUV 
$7KRXUV 
$7KRXUV 



)LJ&DOLEUDWLRQFXUYHRI67VXVSHQVLRQ





)LJ&DOLEUDWLRQFXUYHIRU%7VXVSHQVLRQ


)LJ&DOLEUDWLRQFXUYHIRU$7KRXUVVXVSHQVLRQ






)LJ$EVRUEDQFHDWQP IRU0:&17VWUHDWHGZLWKDFLGPL[WXUH IUR±KRXUV8VLQJFDOLEUDWLRQFXUYH
IURP)LJFRQFHQWUDWLRQVZHUHFDOFXODWHG

 )LHOG(PLVVLRQ6FDQQLQJ(OHFWURQ0LFURVFRS\6(0DQDO\VLV
6(0 DQDO\VLV ZDV GRQH LQ RUGHU WR VWXG\0:&17V VXVSHQVLRQPRUSKRORJ\ DQG WKH
HIIHFWRIGLIIHUHQWWUHDWPHQWVRQWKHDPRXQWRILPSXULWLHVGLDPHWHUDQGOHQJWKRI0:&17V
)RUREVHUYDWLRQ ORZDFFHOHUDWLRQYROWDJHN9DQGVKRUWZRUNLQJGLVWDQFHWKHGLVWDQFH
IURP WKH FHQWUH RI WKH OHQV WR WKH VSHFLPHQ SODQH ± PP ZDV XVHG $W VXFK D ORZ
YROWDJH WKH EHDP LQWHUDFWLRQ ZLWK WKH VSHFLPHQ LV FRQILQHG WR UHJLRQV YHU\ FORVH WR WKH
VXUIDFH 7KLV SURYLGHV DQ LPDJH ZKLFK LV ULFK LQ VXUIDFH GHWDLOV:KHQ ORZ DFFHOHUDWLRQ
YROWDJHLVXVHGLPDJHUHVROXWLRQFDQEHLQFUHDVHGE\ORZHULQJWKHZRUNLQJGLVWDQFH>@
2Q WKH SLFWXUHV )LJ  ±  WKHUH DUH6(0PLFURJUDSKV RI DV UHFHLYHG0:&17V
GLVSHUVHGXVLQJVXUIDFWDQW6'667VXVSHQVLRQ2QWKHSLFWXUH)LJWKHUHLVPLFURJUDSK
RI 0:&17V OD\HU XQGHU WKH ORZHVW PDJQLILFDWLRQ /D\HU RI 0:&17V VHHPV WR EH
KRPRJHQRXVEXWDELWURXJK7KHOD\HUURXJKQHVVFDQEHDWWULEXWHGWRLPSXULWLHVRUEXQGOHV
DQGDJJORPHUDWHVRI&17V)URP)LJ LPSXULWLHVDUHQRW VRREYLRXV+RZHYHU RQ WKH
SLFWXUH)LJWKHUHLVPLFURJUDSKWDNHQXQGHUKLJKHUPDJQLILFDWLRQ[2QHFDQVHH
SDUWLFOHVDPRQJ WKH0:&17V7KHVHSDUWLFOHVDUHEHOLHYHG WREH FDWDO\VW UHVLGXHV PHWDO
SDUWLFOHV±PRVWO\LURQFREDOWQLFNHO>@
%HFDXVH RI ODUJH DPRXQW RI LPSXULWLHV RQH VKRXOG FRQVLGHUPHWKRG RI SXULILFDWLRQ RI
0:&17V
3XUL¿FDWLRQPHWKRGVRI&17VFDQEHEDVLFDOO\FODVVL¿HG LQWR WKUHHFDWHJRULHVQDPHO\
FKHPLFDOSK\VLFDODQGDFRPELQDWLRQRIERWK7KHFKHPLFDOPHWKRGSXUL¿HV&17VEDVHGRQ
WKH LGHD RI VHOHFWLYHR[LGDWLRQ FDUERQDFHRXV LPSXULWLHVDUHR[LGL]HGDW D IDVWHU UDWH WKDQ
&17VDQGWKHGLVVROXWLRQRIPHWDOOLFLPSXULWLHVE\DFLGV7KLVPHWKRGFDQHIIHFWLYHO\UHPRYH
DPRUSKRXV FDUERQ DQG PHWDO SDUWLFOHV H[FHSW IRU WKRVH HQFDJHG LQ SRO\KHGUDO JUDSKLWLF
SDUWLFOHV+RZHYHUWKHFKHPLFDOPHWKRGVDOZD\VLQÀXHQFHWKHVWUXFWXUHRI&17VGXHWRWKH
R[LGDWLRQ LQYROYHG 7KH SK\VLFDO PHWKRG VHSDUDWHV &17V IURP LPSXULWLHV EDVHG RQ WKH
GLIIHUHQFHV LQ WKHLU SK\VLFDO VL]H DVSHFW UDWLR JUDYLW\ DQG PDJQHWLF SURSHUWLHV HWF ,Q




JHQHUDO WKH SK\VLFDO PHWKRG LV XVHG WR UHPRYH JUDSKLWLF VKHHWV FDUERQ QDQRVSKHUHV
&16VDJJUHJDWHVRUVHSDUDWH&17VZLWKGLIIHUHQWGLDPHWHUOHQJWKUDWLRV,QSULQFLSOHWKLV
PHWKRG GRHV QRW UHTXLUH R[LGDWLRQ DQG WKHUHIRUH SUHYHQWV &17V IURP VHYHUH GDPDJH
+RZHYHU WKH SK\VLFDO PHWKRG LV DOZD\V FRPSOLFDWHG WLPHFRQVXPLQJ DQG OHVV HIIHFWLYH
7KHWKLUGNLQGRISXUL¿FDWLRQFRPELQHVWKHPHULWVRISK\VLFDODQGFKHPLFDOSXUL¿FDWLRQ>@
$V HQ H[DPSOH RI FKHPLFDO PHWKRG FRPPRQO\ XVHG LQ OLWHUDWXUH FDQ EH UHIOX[LQJ LQ
0+12 IRU  RU  KRXUV > @ RU E\ VHTXHQWLDO UHIOX[ SURFHVVHV XVLQJ 0 +12
IROORZHGE\0+&O>@


)LJ6(0PLFURJUDSKVRI670:&17VOD\HU0DJQLILFDWLRQLV[





)LJ6(0PLFURJUDSKVRI670:&17VOD\HU0DJQLILFDWLRQLV[

2Q WKH SLFWXUHV )LJ  ±  WKHUH DUH 6(0 PLFURJUDSKV RI 0:&17V WUHDWHG ZLWK
1+2++2 PL[WXUH %7 VXVSHQVLRQ ,W LV REYLRXV IURP )LJ  WKDW 0:&17V OD\HU LV
KRPRJHQRXV WKURXJKRXW WKH VDPSOH DQG PRUH HYHQ WKDQ 67 VXVSHQVLRQ OD\HU )LJ 
)URP WKH SLFWXUH WDNHQ XQGHU KLJKHU PDJQLILFDWLRQ )LJ  RQH FDQ VHH QHWZRUN RI
0:&17V ZLWKRXW DJJORPHUDWHV EXQGOHV DQG LPSXULWLHV 7KXV XVLQJ WKLV WUHDWPHQW
LPSXULWLHVZHUHVXFFHVVIXOO\UHPRYHG$OWKRXJKEDVLFR[LGDWLYHWUHDWPHQWLVVXSSRVHGWREH
PLOGDQGQRQGHVWUXFWLYH IRU&17VDQGDW WKH VDPH WLPHSURGXFLQJPDWHULDO RIKLJKSXULW\
>@0:&17VVHHPWREHVOLJKWO\VKRUWHQHGEXWTXDOLW\RIGLVSHUVLRQLVEHWWHUWKDQSUHYLRXV
67VXVSHQVLRQ






)LJ6(0PLFURJUDSKVRI%70:&17VOD\HU0DJQLILFDWLRQLV[

)LJ6(0PLFURJUDSKVRI%70:&17VOD\HU0DJQLILFDWLRQLV[




2Q WKH SLFWXUHV )LJ ± 0:&17V WUHDWHG ZLWK +12+62 DUH VKRZQ )LUVW
DFFRUGLQJ WR >@ WUHDWPHQW ZDV GRQH IRU  KRXUV <LHOG RI WKH UHDFWLRQ ZDV YHU\ ORZ
DSSUR[  DQG DV REYLRXV IURP )LJ  0:&17V ZHUH VLJQLILFDQWO\ VKRUWHQHG DQG
GHVWUR\HG /D\HUZDVQRW KRPRJHQRXVDQGHYHQ 7KDW LVZK\ FRQGLWLRQVRI WKH WUHDWPHQW
KDGWREHDGMXVWHGDQGWUHDWPHQWZDVGRQHIRU±KRXUVLQRUGHUWRLQYHVWLJDWHWKHUDWHRI
WKHUHDFWLRQ
,WLVNQRZQWKDW+12+62WUHDWPHQWFDQOHDGWRWKHRSHQLQJRIWKHQDQRWXEHFDSVDV
ZHOODVWKHIRUPDWLRQRIKROHVLQWKHVLGHZDOOV&KHPLFDOPRGLILFDWLRQLVWKXVOLPLWHGPRVWO\WR
WKHRSHQLQJRIWKHQDQRWXEHVFDSVDQGWRWKHIRUPDWLRQRIIXQFWLRQDOJURXSVDWGHIHFWVLWHV
DORQJ WKH VLGHZDOOV7KHUHDUH YDULRXVR[\JHQFRQWDLQLQJJURXSV PDLQO\ FDUER[\O JURXSV
SUHVHQW>@
,WZDV IRXQG WKDWRQO\DIWHUKRXURI UHDFWLRQVWDEOHZDWHUVXVSHQVLRQZDVREWDLQHG
&RUUHVSRQGLQJ6(0PLFURJUDSKVRIWKHVH0:&17VVDPSOHVDUHRQWKHSLFWXUHV)LJ±
/D\HUDSSHDUVKRPRJHQRXV)LJHYHQDQGZLWKRXWLPSXULWLHVDQGEXQGOHV)LJ
+RZHYHU0:&17VDUHVOLJKWO\VKRUWHQHG,QFUHDVLQJWLPHRIWKHUHDFWLRQDQGKRXUV
)LJ±FDXVHG0:&17VVKRUWHQLQJWKHOD\HULVOHVVKRPRJHQRXVDQGWKHDPRXQWRI
DPRUSKRXVFDUERQ LQFUHDVHGZLWK WKH LQFUHDVLQJ WLPHRI WKH UHDFWLRQ )LJ±7KDW¶V
ZK\IRUIXUWKHUH[SHULPHQWV0:&17VWUHDWHGZLWKDFLGPL[WXUHIRUKRXU$7KRXUZHUH
FKRVHQ
,QRUGHUWRTXDQWLWDWLYHO\GHWHUPLQHWKHFRQFHQWUDWLRQRIFDUER[\OLFJURXSVRQWKHVXUIDFH
RI WUHDWHG0:&17V WLWUDWLRQ FDQEHGRQH >@RU5DPDQVSHFWURVFRS\ FDQEHXVHG >@
7KLVFDQEHREMHFWLYHRIIXUWKHUVWXG\
6(0DQDO\VLVFDQEHLPSURYHGE\XVLQJHYDSRUDWLQJRIGURSOHW0:&17VVXVSHQVLRQRQ
VLOLFRQ ZDIHU )RU IXUWKHU DQDO\VLV WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0 FDQ EH GRQH
8VLQJ7(0LQGLYLGXDOZDOOVRI0:&17VFDQEHREVHUYHG






)LJ6(0PLFURJUDSKVRI$7KRXU0:&17VOD\HU0DJQLILFDWLRQLV[

)LJ6(0PLFURJUDSKVRI$7KRXU0:&17VOD\HU0DJQLILFDWLRQLV[






)LJ6(0PLFURJUDSKVRI$7KRXUV0:&17VOD\HU0DJQLILFDWLRQLV[

)LJ6(0PLFURJUDSKVRI$7KRXUV0:&17VOD\HU0DJQLILFDWLRQLV[





)LJ6(0PLFURJUDSKVRI$7KRXUV0:&17VOD\HU0DJQLILFDWLRQLV[

)LJ6(0PLFURJUDSKVRI$7KRXUV0:&17VOD\HU0DJQLILFDWLRQLV[




 &RPSRVLWHILOPFKDUDFWHUL]DWLRQ
&RPSRVLWHILOPVFRQWDLQLQJ0)&DQG0:&17VZHUHSUHSDUHG7KH0:&17VFRQWHQW
YDULHGIURP±ZWDQGDVDFRQWURO0)&ILOPZDVSUHSDUHG(IIHFWRIGLIIHUHQW
0:&17VWUHDWPHQWRQWKHVWUXFWXUHDQGSURSHUWLHVRIWKHFRPSRVLWHILOPVZDVVWXGLHG
 7*$DQDO\VLV
2Q WKH )LJ± GDWD IURP WKHUPRJUDYLPHWULF DQDO\VLV IRU GLIIHUHQW 0:&17V
WUHDWPHQWDQGGLIIHUHQWFRQWHQWRI0:&17V LQ0)&PDWUL[DUHVKRZQ3XUH0)& ILOPZDV
XVHGDVDFRQWUROVDPSOH
)LUVW LQ ORZ WHPSHUDWXUH UDQJH XS WRDERXW& WKHUH LVVPDOOZHLJKW ORVV WKDW LV
DWWULEXWHGWRWKHHYDSRUDWLRQRIDGVRUEHGZDWHU$IWHUWKDWWZRVWHSVRI0)&GHJUDGDWLRQFDQ
EH REVHUYHG LQ WKH UDQJH RI ±& 7KH ¿UVW SURFHVV FRUUHVSRQGV WR WKH SULPDU\
S\URO\VLVRIFHOOXORVHDQGWKHVHFRQGSURFHVVUHODWHWRWKHVORZFKDUULQJSURFHVVRIWKHVROLG
UHVLGXH>@
$W WHPSHUDWXUH DURXQG & WKHUH LV VLJQLILFDQW GLIIHUHQFH LQ WKH ZHLJK ORVV RI WKH
VDPSOHVZLWKGLIIHUHQW0:&17VFRQWHQWIRUDFLGDQGVXUIDFWDQWWUHDWPHQW)LJDQG±
WKHKLJKHUDPRXQWRI0:&17V WKH VPDOOHUZHLJK ORVVDW WKLV WHPSHUDWXUH0:&17VDUH
SUREDEO\TXLWHXQLIRUPO\GLVSHUVHGWKURXJKWKHDUHDRIWKHVDPSOH
2QWKHRWKHUKDQGIRUEDVHWUHDWHG0:&17V)LJWKLVWUHQGLVQRWVRREYLRXV,WLV
EHOLHYHG WR EH EHFDXVH RI QRQKRPRJHQRXV GLVSHUVLRQ RI 0:&17V LQ 0)& PDWUL[
+RZHYHUWKLVK\SRWKHVLVQHHGVWREHIXUWKHULQYHVWLJDWHGE\6(0


)LJ7*$DQDO\VLVRIFRPSRVLWHILOPVFRQWDLQLQJZWDFLGWUHDWHG0:&17V





)LJ7*$DQDO\VLVRIFRPSRVLWHILOPVFRQWDLQLQJZWEDVHWUHDWHG0:&17V


)LJ7*$DQDO\VLVRIFRPSRVLWHILOPVFRQWDLQLQJZWVXUIDFWDQWWUHDWHG0:&17V
 6XUIDFHUHVLVWLYLW\PHDVXUHPHQW
6XUIDFH UHVLVWLYLW\GDWDDUHVXPPDUL]HG LQ7DEDQGFRPSDULVRQZLWKSXEOLVKHGGDWD
>@ZDVGRQH




2QWKH)LJWKHUHLVGHSHQGHQFHRIVXUIDFHUHVLVWLYLW\RQWKHFRQWHQWRI0:&17VLQ
0)&PDWUL[IRUWRSDQGERWWRPVLGHVRIWKHVDPSOHV
)RU REWDLQLQJ FRQGXFWLYH &17VSRO\PHU FRPSRVLWHV WKH KLJKO\ HOHFWULFDO FRQGXFWLYH
&17V ILOOHU LV GLVSHUVHG LQWR WKH SRO\PHU PDWUL[ +HQFH D WKUHHGLPHQVLRQDO FRQGXFWLYH
QHWZRUNRIWKH&17VLQWKHSRO\PHUPDWUL[LVREWDLQHG7KHVRFDOOHGSHUFRODWLRQWKHRU\LV
JHQHUDOO\ XVHG WR GHVFULEH WKH LQVXODWRUWRFRQGXFWRU WUDQVLWLRQ LQ FRPSRVLWHV PDGH  RI
FRQGXFWLYH  ILOOHU  LQ  DQ  LQVXODWLQJ  PDWUL[ 7KH HOHFWULFDO FRQGXFWLYLW\ RI D FRPSRVLWH LV
VWURQJO\GHSHQGHQWRQWKHILOOHUORDGLQJ$WORZILOOHUFRQFHQWUDWLRQVWKHFRQGXFWLYLW\UHPDLQV
YHU\ FORVH WR WKH FRQGXFWLYLW\ RI WKHSXUH HOHFWULFDOO\ LQVXODWLQJPDWUL[ VLQFH WKH ILOOHUVDUH
GLVSHUVHGLQGLYLGXDOO\RULQVPDOOFOXVWHUVLQWKHPDWUL[:KHQDFULWLFDOILOOHUYROXPHIUDFWLRQ
WKHSHUFRODWLRQWKUHVKROGLVUHDFKHGWKHFRQGXFWLYLW\GUDVWLFDOO\LQFUHDVHVE\PDQ\RUGHUVRI
PDJQLWXGH ZLWK YHU\ OLWWOH LQFUHDVH LQ WKH ILOOHU ORDGLQJ ,W FRLQFLGHV ZLWK WKH IRUPDWLRQ RI
DFRQGXFWLYH WKUHHGLPHQVLRQDO QHWZRUN RI WKH ILOOHU LQ WKH FRQWLQXRXV SKDVH )LQDOO\ WKH
FRQGXFWLYLW\OHYHOVRIIDWDFHUWDLQYDOXHWKHPD[LPXPFRQGXFWLYLW\RIWKHFRPSRVLWH>@
2EWDLQHGFXUYHVH[KLELWW\SLFDOSHUFRODWLRQEHKDYLRXU%H\RQGFHUWDLQ0:&17VFRQWHQW
QR IXUWKHU LPSURYHPHQW LV REVHUYHG )RU GLIIHUHQW WUHDWPHQWV FRQFHQWUDWLRQ QHHGHG IRU
SHUFRODWLRQ WKUHVKROGGLIIHUV+RZHYHU IRU DOO WKUHHJURXSVRI VDPSOHV WKHUH LV VLJQLILFDQW
GLIIHUHQFHLQVXUIDFHUHVLVWLYLW\EHWZHHQWRSDQGERWWRPVLGH)LJ7KHYDOXHVDUHDOZD\V
KLJKHU LQFDVHRI WRSVLGHRI WKHVDPSOHV ,W LVEHOLHYHG WKDW WKLVIDFW LVFDXVHGE\XQHYHQ
GLVWULEXWLRQRI0:&17VLQWKHVDPSOHV)RUSXUH0)&ILOPWKHUHLVQRGLIIHUHQFHLQVXUIDFH
UHVLVWLYLW\IRUWKHWRSDQGERWWRPVLGH

7RSVLGHVRIWKHVDPSOHV
)RUFRPSRVLWHILOPVFRQWDLQLQJDFLGWUHDWHG0:&17VDOPRVWQRVLJQLILFDQWGHFUHDVHLQ
VXUIDFHUHVLVWLYLW\LVREVHUYHGZKHQ±ZWRI0:&17VLVDGGHG
,QFDVHRI0:&17V WUHDWHGZLWKEDVLFR[LGDWLYH WUHDWPHQWVOLJKW LQFUHDVHIROORZHGE\
GHFUHDVHLVREVHUYHGDOWKRXJKWKHUHVLVWLYLW\KDVQWUHDFKHGFRQVWDQWYDOXHHYHQZKHQ±
ZWRI0:&17VZDVDGGHG
)RUILOPVSUHSDUHGZLWK0:&17VWUHDWHGZLWKVXUIDFWDQWVLJQLILFDQWGHFUHDVHLQVXUIDFH
UHVLVWLYLW\RFFXUVZKHQ±ZW0:&17VZDVDGGHGWR0)&

%RWWRPVLGHVRIWKHVDPSOHV
$VPHQWLRQHG DERYH WKH VXUIDFH UHVLVWLYLW\ YDOXHV REWDLQHG IURP ERWWRP VLGHV RI WKH
VDPSOHV ZHUH ORZHU DV ZHOO DV 0:&17V FRQFHQWUDWLRQV ZKHUH SHUFRODWLRQ WKUHVKROG LV
REVHUYHG DUH ORZHU ,Q FDVH RI ILOPV ZLWK DFLG WUHDWHG 0:&17V VXUIDFH UHVLVWLYLW\ LV
GHFUHDVLQJ ZKHQ ±ZW RI 0:&17V LV DGGHG 7KH VXUIDFH UHVLVWLYLW\ YDOXH IRU WKH
ERWWRPVLGHRIWKHVDPSOHFRQWDLQLQJRIZW$70:&17VLVDOPRVWRUGHUVRIPDJQLWXGH
ORZHUWKDQWKHWRSVLGHRIWKHVDPHVDPSOH
&RQFHUQLQJFRPSRVLWHILOPVFRQWDLQLQJ0:&17VWUHDWHGZLWKEDVLFR[LGDWLYHWUHDWPHQW
VLJQLILFDQWGHFUHDVHLQWKHVXUIDFHUHVLVWLYLW\RFFXUVZKHQZWRI0:&17VLVDGGHGDQG
WKLVYDOXHLVDERXWRUGHUVRIPDJQLWXGHORZHUWKDQWKHVXUIDFHUHVLVWLYLW\RIWKHWRSVLGHRI
WKHVDPHVDPSOH
7KH KLJKHVW GHFUHDVH LQ VXUIDFH UHVLVWLYLW\ LV REVHUYHG LQ FDVH RI ILOPV FRQWDLQLQJ
0:&17V WUHDWHG ZLWK VXUIDFWDQW 2QO\ E\ DGGLQJ RI ZW RI 0:&17V WKH VXUIDFH
UHVLVWLYLW\GHFUHDVHVDOPRVWE\RUGHUVRIPDJQLWXGHLQFRPSDULVRQWRWKHSXUH0)&ILOP

2EWDLQHG UHVXOWV VXJJHVWHG WKDW WKHEHVW LQFRUSRUDWLRQRI0:&17V LQWR0)&QHWZRUN
RFFXUV IRU0:&17V GLVSHUVHGXVLQJ VXUIDFWDQW )RU WKLV JURXS RI VDPSOHV WKHGLIIHUHQFH
EHWZHHQWRSDQGERWWRPVLGHLVOHVVREYLRXV




)RU0:&17VWUHDWHGZLWKEDVLFR[LGDWLYHWUHDWPHQWWKHGLIIHUHQFHEHWZHHQWKHWRSDQG
ERWWRPVLGHRIWKHVDPSOHVDUHYHU\ODUJHWKDWPHDQVWKDWWKHGLVWULEXWLRQRI0:&17VLQWKH
VDPSOH LV QRW HYHQ $OWKRXJK 0:&17V WUHDWHG ZLWK EDVLF R[LGDWLYH WUHDWPHQW ZHUH
GLVSHUVHGXVLQJVXUIDFWDQWDVZHOOWKHFRQFHQWUDWLRQRIVXUIDFWDQWZDVKLJKHUWKDQLQFDVHRI
67 VXVSHQVLRQ EHFDXVH WKH PROHFXOHV WKDW DUH QRW DGVRUEHG RQ WKH &17V ZHUH QRW
UHPRYHG 7KH GLIIHUHQW VXUIDFWDQW FRQFHQWUDWLRQ PLJKW HIIHFW WKH VWDELOLW\ RI FHOOXORVH
0:&17VV\VWHP
)RU DFLG WUHDWHG 0:&17V KLJKHU DPRXQW RI 0:&17V KDV WR EH DGGHG LQ RUGHU WR
DFKLHYHHOHFWULFDOFRQGXFWLYLW\,WLVNQRZQWKDWFRYDOHQWPRGLILFDWLRQRI&17VPLJKWUHVXOWLQ
GHFUHDVHLQHOHFWULFDODQGRWKHUSURSHUWLHV>@
2\DDWDO>@PDGHHOHFWULFDOO\FRQGXFWLYHZDVKLSDSHUWKDWFRQWDLQV6:&17V7DE
7KH REWDLQHG VXUIDFH UHVLVWLYLW\ YDOXH ZDV RI  :VT E\ DGGLQJ RI  ZW RI
6:&17V WKDW LV RQH RUGHU RI PDJQLWXGH ORZHU WKDQ PHDVXUHG YDOXH 7KH SHUFRODWLRQ
EHKDYLRXUZLWKLQFUHDVLQJDPRXQWRI&17VXSWRFHUWDLQYDOXHLVLQDJUHHPHQWZLWKPHDVXUHG
GDWDRI0)&0:&17V
)XJHWVXDWDO>@UHSRUWHGRQWKHPDVVSURGXFWLRQRI&17EDVHGVKHHWVKDYLQJXQLIRUP
HOHFWULFDOFRQGXFWLYLWLHVE\XVLQJD FRPPRQSDSHUPDNLQJSURFHVV%\DGGLQJZWRI
0:&17VVXUIDFHUHVLVWLYLW\YDOXH:VTZDVREWDLQHG

7DE6XUIDFHUHVLVWLYLW\GDWDIRUFRPSRVLWHFRQWDLQLQJVXUIDFWDQWWUHDWHG0:&17V
6XUIDFHUHVLVWLYLW\>:VT@
WRSVLGH ERWWRPVLGH
0&)  
$7 %7 67 $7 %7 67
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
      
      

7DE6XUIDFHUHVLVWLYLW\GDWDIRU:DVKLSDSHU>@
:DVKLSDSHU>@
6:&17V
FRQWHQWZW     
6XUIDFH
UHVLVWLYLW\ȍVT     






)LJ6XUIDFHUHVLVWLYLW\RI0)&0:&17VPHDVXUHGIURPWRSDQGERWWRPVLGHRIWKHVDPSOHV
(OHFWULFDO SURSHUWLHVRI DPDWHULDO GHSHQG RQ WKH VHSDUDWLRQ EHWZHHQ WKH FROOHFWLRQ RI
HQHUJ\VWDWHVWKDWDUH¿OOHGE\HOHFWURQV)LJUHGDQGWKHDGGLWLRQDO³FRQGXFWLRQ´VWDWHV
WKDW DUHHPSW\ DQGDYDLODEOH IRU HOHFWURQV WRKRS LQWR )LJ  OLJKW EOXH0HWDOV FRQGXFW
HOHFWULFLW\ HDVLO\ EHFDXVH WKHUH DUH VR PDQ\ HOHFWURQV ZLWK HDV\ DFFHVV WR DGMDFHQW
FRQGXFWLRQ VWDWHV ,Q VHPLFRQGXFWRUV HOHFWURQV QHHG DQ HQHUJ\ ERRVW IURP OLJKW RU DQ
HOHFWULFDO ¿HOG WR MXPS WKH JDS WR WKH ¿UVW DYDLODEOH FRQGXFWLRQ VWDWH 7KH IRUP RI FDUERQ
NQRZQDVJUDSKLWHLVDVHPLPHWDOWKDWMXVWEDUHO\FRQGXFWVEHFDXVHZLWKRXWWKHVHH[WHUQDO
ERRVWVRQO\DIHZHOHFWURQVFDQDFFHVVWKHQDUURZSDWKWRDFRQGXFWLRQVWDWH>@
,QDJUDSKLWHVKHHWRQHSDUWLFXODUHOHFWURQVWDWHZKLFKSK\VLFLVWVFDOO WKH)HUPLSRLQW
JLYHVJUDSKLWHDOPRVWDOORILWVFRQGXFWLYLW\2QO\RQHWKLUGRIDOOFDUERQQDQRWXEHVFRPELQH
WKHULJKWGLDPHWHUDQGGHJUHHRIWZLVWWREHWUXO\PHWDOOLFQDQRZLUHV7KHUHPDLQLQJWZRWKLUGV
RIQDQRWXEHVDUHVHPLFRQGXFWRUV>@
7KLFNPXOWLZDOOHG QDQRWXEHVPD\KDYH HYHQPRUH FRPSOH[EHKDYLRXU EHFDXVH HDFK
OD\HULQWKHWXEHKDVDVOLJKWO\GLIIHUHQWJHRPHWU\>@
D E F 
)LJ(OHFWULFDOSURSHUWLHVRID0HWDE6HPLFRQGXFWRUF*UDSKLWH>@




 7HQVLOHWHVW
7KH DYHUDJH YDOXHV RI WKHPHFKDQLFDO SURSHUWLHV DUH VXPPDUL]HG LQ 7DE± 7KH
YDOXHVLQSDUHQWKHVHVDUHWKHVDPSOHVWDQGDUGGHYLDWLRQV
,Q WKH)LJ± WKHUHDUH W\SLFDO VWUHVVVWUDLQ FXUYHV IRU FRPSRVLWH ILOPV FRQWDLQLQJ
0)& DQG YDU\LQJ FRQWHQW RI 0:&17V WUHDWHG LQ WKUHH GLIIHUHQW ZD\V XVLQJ DFLGPL[WXUH
$7EDVLFR[LGDWLYHWUHDWPHQW%7DQGXVLQJVXUIDFWDQW677KHVWUHVVVWUDLQEHKDYLRXULQ
XQLD[LDO WHQVLRQ LV IDLUO\ OLQHDU XS WR DERXW ± $W D VWUHVV DERXW 03D \LHOG
VWUHVVWKHFXUYHVDUHEHQGHGDQGIROORZHGE\DOLQHDUVWUDLQKDUGHQLQJUHJLRQ7KLVUHJLRQ
FDOOHGWKHSODVWLFUHJLRQ>@

7DE  <RXQJVPRGXOL RI FRPSRVLWH ILOPV ZLWK0)&PDWUL[ DQG YDU\LQJ0:&17V FRQWHQW DQG IUHH GLIIHUHQW
0:&17VWUHDWPHQWV
 <RXQJVPRGXOXV*3D
0)& 
 $7 %7 67
   
   
   
   
   

7DE  7HQVLOH VWUHQJWK RI FRPSRVLWH ILOPV ZLWK0)&PDWUL[ DQG YDU\LQJ0:&17V FRQWHQW DQG IUHH GLIIHUHQW
0:&17VWUHDWPHQWV
 7HQVLOHVWUHQJWK03D
0)& 
$7 %7 67
  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
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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
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
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
   
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



7DE  6WUDLQWRIDLOXUH RI FRPSRVLWH ILOPV ZLWK 0)&PDWUL[ DQG YDU\LQJ 0:&17V FRQWHQW DQG IUHH GLIIHUHQW
0:&17VWUHDWPHQWV
 6WUDLQWRIDLOXUH
0)& 
 $7 %7 67
   
   
  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
  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
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

7KH UHVXOWV LQ 7DE ± VKRZ WKDW WKHUH LV QR VLJQLILFDQW HIIHFW RI 0:&17V RQ
PHFKDQLFDO SURSHUWLHV RI0)& ILOPV'DWD IRU0)& ILOPVDUH LQ DJUHHPHQWZLWK SUHYLRXVO\
SXEOLVKHG GDWD E\ +HQULNVVRQ >@ 6PDOO GLIIHUHQFH PLJKW EH FDXVHG E\ GLIIHUHQW GU\LQJ
SURFHVV+HQULNVVRQGULHGWKHILOPVDW&IRUKDWDERXWN3DDSSOLHGSUHVVXUH>@
DQGDOVRE\PROHFXODUZHLJKWRIFHOOXORVH)RUPRUHDFFXUDWHFRPSDULVRQPROHFXODUZHLJKW
GLVWULEXWLRQ QHHGV WR EH GHWHUPLQHG IRU H[DPSOH XVLQJ VL]H H[FOXVLRQ FKURPDWRJUDSK\
)XUWKHULQYHVWLJDWLRQDQGFKDUDFWHUL]DWLRQRI0)&FDQEHGRQH
)RUGLIIHUHQW0:&17VWUHDWPHQWGLIIHUHQWHIIHFWRQPHFKDQLFDOSURSHUWLHVLVREVHUYHG
%\DGGLQJRIVPDOODPRXQWV±RIDFLGWUHDWHG0:&17VGHFUHDVHLQ<RXQJV
PRGXOXV DQG WHQVLOH VWUHQJWK LV REVHUYHG 2Q WKH RWKHU KDQG VWUDLQWREUHDN LV VOLJKWO\
LPSURYHG)LJ


)LJ7\SLFDOVWUHVVVWUDLQFXUYHVIRUFRPSRVLWHILOPVZLWKYDU\LQJFRQWHQWRIDFLGWUHDWHG0:&17V
2SSRVLWH EHKDYLRXU WR DFLG WUHDWHG 0:&17V FDQ EH REVHUYHG LQ FDVH RI 0:&17V
WUHDWHGE\EDVLFR[LGDWLYHWUHDWPHQW)LJ%\DGGLQJRI0:&17VVOLJKWLQFUHDVHLQ




PHFKDQLFDO SURSHUWLHV ZDV DFKLHYHG :KHQ ZW 0:&17V ZDV DGGHG <RXQJV
PRGXOXVDQGWHQVLOHVWUHQJWKKDYHQWFKDQJHGDQGVPDOOGHFUHDVHLQVWUDLQWRIDLOXUHFDQEH
VHHQ+RZHYHUE\DGGLQJ±ZWRI0:&17VPHFKDQLFDOSURSHUWLHVIXUWKHUGHFUHDVHG


)LJ7\SLFDOVWUHVVVWUDLQFXUYHVIRUFRPSRVLWHILOPVZLWKYDU\LQJFRQWHQWRIEDVHWUHDWHG0:&17V
0HFKDQLFDO SURSHUWLHV RI FRPSRVLWH ILOPV FRQWDLQLQJ VXUIDFWDQW WUHDWHG 0:&17V DUH
PRUHVLPLODUWRSUHYLRXVJURXS+RZHYHUQRLQFUHDVHZDVREVHUYHG%\DGGLQJZWRI
0:&17VPHFKDQLFDOSURSHUWLHVKDYHQWFKDQJHG1HYHUWKHOHVVZKHQPRUH0:&17VZDV
DGGHG±ZW<RXQJVPRGXOXVDQGWHQVLOHVWUHQJWKGHFUHDVHV


)LJ7\SLFDOVWUHVVVWUDLQFXUYHVIRUFRPSRVLWHILOPVZLWKYDU\LQJFRQWHQWRIVXUIDFWDQWWUHDWHG0:&17V




 )RUEHWWHUXQGHUVWDQGLQJRIPHFKDQLFDOEHKDYLRXURIFRPSRVLWHILOPVPLFURVWUXFWXUH
RIWKHPDWHULDOZDVLQYHVWLJDWHG

 )LHOG(PLVVLRQ6FDQQLQJ(OHFWURQ0LFURVFRS\6(0DQDO\VLV
,QRUGHU WRREVHUYHVXUIDFHRIFRPSRVLWHILOPV6(0DQDO\VLVZDVGRQH(DFKVDPSOH
ZDVREVHUYHGIURPERWKVLGHV
2Q WKH )LJXUHV  DQG  WKHUH DUH 6(0 PLFURJUDSKV RI SXUH 0)& ILOP IURP WRS
)LJ DQG ERWWRP )LJ VLGH XQGHU PDJQLILFDWLRQ RI  0)& ILOP FRQVLVWV RI
QHWZRUNRIFHOOXORVHQDQRILEUHVWKDWDUHHQWDQJOHGZLWKUHVSHFWWRHDFKRWKHU7KHRULHQWDWLRQ
VHHPV WREHPRVWO\ UDQGRPLQWKHSODQHDQG WKH VWUXFWXUH LV LQDJUHHPHQWZLWKSUHYLRXVO\
SXEOLVKHGGDWD >@7KHUH LVQR VLJQLILFDQWGLIIHUHQFH LQ WKHQDQRILEULOVQHWZRUNRQ WKH WRS
DQGERWWRPVLGH


)LJ6(0PLFURJUDSKRISXUH0)&ILOPWRSVLGH0DJQLILFWLRQLV[





)LJ6(0PLFURJUDSKRISXUH0)&ILOPERWWRPVLGH0DJQLILFWLRQLV[
3LFWXUHV XQGHU WKH VDPHPDJQLILFDWLRQZHUH WDNHQ IURP ERWK VLGHV IRU WKH UHVW RI WKH
VDPSOHV 2Q WKH )LJ  WKHUH LV 6(0PLFURJUDSK RI WKH WRS VLGH RI WKH FRPSRVLWH ILOP
FRQWDLQLQJZWRIDFLGWUHDWHG0:&17VDQGRQWKH)LJWKHUHLVVKRZQSLFWXUHRIWKH
VDPHVDPSOHIURPERWWRPVLGH
)URP WKH WRS VLGH )LJRQHFDQVHHQHWZRUNRI0)&QDQRILEUHVRQO\ YHU\ VPDOO
DPRXQWRI0:&17VZDVIRXQGRQWKLVVLGHRIWKHVDPSOH2QWKHRWKHUKDQGRQWKHERWWRP
VLGHRI WKHVDPSOH )LJ WKHUH LVQHWZRUNRI0:&17V LQFRUSRUDWHG LQWR0)&QHWZRUN
0:&17VQHWZRUNVHHPVWREHKRPRJHQRXVZLWKUHVSHFWWRWKHDUHDRIWKHVDPSOHDQGWKLV
LVLQDJUHHPHQWZLWK7*$GDWD)LJ7KLVLVDOVRLQDJUHHPHQWZLWKWKHGDWDIRUVXUIDFH
UHVLVWLYLW\)LJDQG7DEZKHUHVLJQLILFDQWGLIIHUHQFHLQWKHWRSDQGERWWRPVLGHVRIWKH
VDPSOHVZDVREVHUYHG
+RZHYHU0:&17VDUHQRWKRPRJHQRXVWKURXJKWKHWKLFNQHVVRIWKHVDPSOHWKHUHIRUH
QRLPSURYHPHQWLQPHFKDQLFDOSURSHUWLHVLVREVHUYHG
6HSDUDWLRQRI0:&17V DQG0)&PLJKW KDSSHQ GXULQJ YDFXXP ILOWUDWLRQ WKDW LV XVHG
GXULQJ WKHILOPSUHSDUDWLRQDVWKHZDWHU LV UHPRYLQJIURP WKHV\VWHP&HOOXORVHQDQRILEUHV
IRUPVWDEOHQHWZRUNYLDK\GURJHQERQGVDQG0:&17VPLJKWEHSXVKHGDZD\EHFDXVHRI
KLJKHUDIILQLW\RIFHOOXORVHWRFHOOXORVHWKDQFHOOXORVHWR0:&17V






)LJ6(0PLFURJUDSKRIILOP0)&ZW0:&17VDFLGWUHDWPHQWWRSVLGH0DJQLILFWLRQLV[

)LJ6(0PLFURJUDSKRIILOP0)&ZW0:&17VDFLGWUHDWPHQWERWWRPVLGH0DJQLILFDWLRQ[




2Q WKH )LJ  WKHUH LV 6(0PLFURJUDSK RI WRS VLGH RI VDPSOH FRQWDLQLQJ ZW RI
0:&17VWUHDWHGZLWKEDVLFR[LGDWLYHWUHDWPHQW7KHUHDUHREYLRXVUHJLRQVRI0:&17VWKDW
DUHQRW LQFRUSRUDWHG LQWRFHOOXORVHQDQRILEUHVQHWZRUN7KHVL]HRI WKHVH UHJLRQV LVDURXQG
±PP
7KHERWWRPVLGHRIWKHVDPSOH)LJKDVVLPLODUVWUXFWXUHWRWKHWRSVLGH7KHDUHDV
RI0:&17VDUHODUJHU±PP
6WUXFWXUHRI VDPSOHV FRQWDLQLQJ EDVH WUHDWHG0:&17V H[SODLQVZK\ 7*$GDWDGRQW
IROORZ WKH VDPH WUHQG OLNH LQ FDVH RI FRPSRVLWH ILOPV FRQWDLQLQJ $7 DQG 67 0:&17V
6DPSOHMXVWFRQWDLQVUHJLRQVZKHUHLVHLWKHUPRUH0)&RU0:&17V7KHGLVWULEXWLRQLVQRW
KRPRJHQRXVWKURXJKWKHDUHDRIWKHVDPSOH
0RUSKRORJ\ RI WKH VDPSOHV DOVR VXJJHVWV H[SODQDWLRQ IRU WKH KLJKHU 0:&17V
FRQFHQWUDWLRQUHTXLUHGIRUSHUFRODWLRQWKDQLQFDVHRIVXUIDFWDQWWUHDWHG0:&17V%HFDXVH
0:&17V WHQG WR DJJORPHUDWH PRUH 0:&17V QHHG WR EH DGGHG LQ RUGHU WR DFKLHYH
FRQWLQXRXVQHWZRUN
&RQFHUQLQJ PHFKDQLFDO SURSHUWLHV VOLJKW LQFUHDVH LV REVHUYHG ZKHQ ZW RI %7
0:&17VZDVDGGHG6XFKDVPDOODPRXQWRI0:&17VZDVSUREDEO\EHWWHUGLVSHUVHG LQ
0)& 2Q WKH RWKHU KDQG IRU KLJKHU 0:&17V FRQWHQW VHSDUDWHG UHJLRQVPLJKW DFW DV D
GHIHFWLQFHOOXORVHQDQRILEUHVQHWZRUNWKDWVZK\WKHUHLVGHFUHDVHLQPHFKDQLFDOSURSHUWLHV
LQFRPSDULVRQWRSXUH0)&ILOP


)LJ6(0PLFURJUDSKRIILOP0)&ZW0:&17VEDVLFWUHDWPHQWWRSVLGH0DJQLILFDWLRQ[





)LJ6(0PLFURJUDSKRI0)&ZW0:&17VEDVLFWUHDWPHQWERWWRPVLGH0DJQLILFDWLRQ[
,Q WKH)LJWKHUH LVVKRZQ WRSVLGHDQGRQ WKH)LJ WKHUH LVERWWRPVLGHRI WKH
VDPSOHFRQWDLQLQJZWRIVXUIDFWDQWWUHDWHG0:&17V,QFDVHRIWKLVVDPSOH0:&17V
VHHPVWRKDYHWKHEHVWGLVSHUVLRQLQ0)&QHWZRUNLQFRPSDULVRQWRWKHSUHYLRXVWUHDWPHQWV
7KHUH LV RQO\ VPDOO GLIIHUHQFH LQ WKHDPRXQWRI0:&17V IRU WKH WRSDQGERWWRPVLGHDQG
0:&17VDUHPRUHLQFRUSRUDWHGLQWRFHOOXORVHQDQRILEUHVWKDQLQFDVHRI%70:&17V
7KHVWUXFWXUHRIFRPSRVLWHILOPVH[SODLQV7*$GDWDZKHUHFOHDUGHFUHDVHLQZHLJKORVV
DWDURXQG&LVREYLRXVZLWKLQFUHDVLQJDPRXQWRI0:&17V
'HVSLWHTXLWHJRRGLQFRUSRUDWLRQRI0:&17VLQWR0)&QRLPSURYHPHQWLQPHFKDQLFDO
SURSHUWLHV LV REVHUYHG 7KHUH LV SUREDEO\ SRRU LQWHUDFWLRQ EHWZHHQ 0:&17V DQG 0)&
$QRWKHU UHDVRQPLJKWEH LPSXULWLHVDQGDJJORPHUDWHVSUHVHQW LQ WKHVWUXFWXUH7KHVHPD\
DFWDVGHIHFWV






)LJ6(0PLFURJUDSKRI0)&ZW0:&17VVXUIDFWDQWWUHDWPHQWWRSVLGH0DJQLILFDWLRQ[

)LJ6(0PLFURJUDSKRI0)&ZW0:&17VVXUIDFWDQWWUERWWRPVLGH0DJQLILFDWLRQ[




)XUWKHU LQYHVWLJDWLRQV KDYH WR EH GRQH LQ RUGHU WR JDLQ EHWWHU XQGHUVWDQGLQJ RI WKH
VWUXFWXUHSURSHUWLHV UHODWLRQRI WKHPDWHULDO)LUVW SUHSDUDWLRQRI0:&17VVXVSHQVLRQFDQ
EHLPSURYHG)RUH[DPSOHSXULILFDWLRQVWHSXVLQJOHVVFRQFHQWUDWHGDFLGVKRXOGEHLQYROYHG
$QRWKHU LPSURYHPHQW PLJKW EH DFKLHYHG E\ WU\LQJ GLIIHUHQW VXUIDFWDQWV OLNH
KH[DGHF\OWULPHWK\ODPPRQLXP EURPLGH &7$% RFW\O SKHQRO HWKR[\ODWH 7ULWRQ ; RU
0HWKRFHOO70FHOOXORVHEDVHGVXUIDFWDQWDQGGLIIHUHQWVXUIDFWDQWFRQFHQWUDWLRQLQRUGHUWRJHW
EHWWHUVWDELOLW\RIFHOOXORVHQDQRILEUHVFDUERQQDQRWXEHVV\VWHP
&RQFHUQLQJWKHVWUXFWXUHRIFRPSRVLWHILOPV LW LVQRWFOHDU LQZKLFKVWHSWKHVHSDUDWLRQ
RFFXUV %RWK 0)& DQG 0:&17V DUH LQ WKH IRUP RI VWDEOH ZDWHU VXVSHQVLRQ DQG ERWK
FRPSRQHQWV ZHUH PL[HG WRJHWKHU 'XULQJ WKH SURFHVV RI UHPRYLQJ RI ZDWHU FHOOXORVH
QDQRILEUHVIRUPQHWZRUNYLDK\GURJHQERQGV,WZDVVXJJHVWHGWKDWDVWKHZDWHULVUHPRYLQJ
DQGFHOOXORVHQHWZRUNLVIRUPHG0:&17VKDYHWHQGHQF\WRDJJORPHUDWHEHFDXVHRIKLJKHU
DIILQLW\WRHDFKRWKHUWKDQWR0)&4XDOLW\RIV\VWHP0)&0:&17VLQZDWHUVXVSHQVLRQFDQ
EHVWXGLHGIRUH[DPSOHE\IUHH]HGU\LQJRIWKHVXVSHQVLRQVRWKHVWUXFWXUHZLOOEHSUHVHUYHG
7KH TXDOLW\ RI LQFRUSRUDWLRQ RI0:&17V LQWR0)& QHWZRUN FDQEH IXUWKHU VWXGLHG E\
6(0RIFURVVVHFWLRQRIWKHVDPSOHV
7HQVLOHWHVWFDQEHSHUIRUPHGLQVLGHWKH6(0LQRUGHUWRREWDLQEHWWHUXQGHUVWDQGLQJRI
PHFKDQLFDOSURSHUWLHVDQGPHFKDQLVPRIGHIRUPDWLRQRIWKHPDWHULDO





 &21&/86,21
1HZ FRPSRVLWH PDWHULDO EDVHG RQ PLFURILEULOODWHG FHOOXORVH PDWUL[ DQG PXOWLZDOOHG
FDUERQQDQRWXEHVZDVSUHSDUHG7KUHHGLIIHUHQW0:&17V WUHDWPHQWVZHUHXVHGDQG WKHLU
HIIHFWVRQWKHSURSHUWLHVDQGVWUXFWXUHRIUHVXOWLQJFRPSRVLWHPDWHULDOZHUHVWXGLHG
7KH PRUSKRORJ\ RI FRPSRVLWH ILOPV VLJQLILFDQWO\ GLIIHUV ZKHQ GLIIHUHQW 0:&17V
WUHDWPHQWVZHUHXVHG7KHEHVWGLVWULEXWLRQRI0:&17VLQFHOOXORVHQDQRILEUHVPDWUL[ZDV
IRXQGIRU0:&17VGLVSHUVHGXVLQJVXUIDFWDQWVRGLXPGRGHF\OVXOSKDWH+RZHYHUSURSHUWLHV
RIWKHFRPSRVLWHPDWHULDOPLJKWEHDIIHFWHGE\LPSXULWLHVSUHVHQWLQWKH0:&17V
8VLQJ DFLG WUHDWPHQW LPSXULWLHV ZHUH VXFFHVVIXOO\ UHPRYHG DQG VWDEOH 0:&17V
VXVSHQVLRQ LQ ZDWHU ZDV REWDLQHG 1HYHUWKHOHVV VHSDUDWLRQ RI 0:&17V DQG 0)& ZDV
REVHUYHGZLWK0:&17VSODFHGRQRQHERWWRPVLGHRIWKHVDPSOH
:KHQEDVLFR[LGDWLYHWUHDWPHQWZDVXVHGLPSXULWLHVZHUHUHPRYHGDVZHOO6XVSHQVLRQ
ZDV QRW VWDEOH LQZDWHU WKDWVZK\ VXUIDFWDQWZDV XVHG'LVSHUVLRQ RI0:&17V LQ0)&
PDWUL[ZDVQRWKRPRJHQRXVLVRODWHGUHJLRQVRI0:&17VZHUHIRXQG
1RVLJQLILFDQWHIIHFWRI0:&17VRQPHFKDQLFDOSURSHUWLHVZDVREVHUYHG
&RQFHUQLQJ VXUIDFH UHVLVWLYLW\ W\SLFDO SHUFRODWLRQ EHKDYLRXU ZDV REVHUYHG DQG ODUJH
GHFUHDVHLQVXUIDFHUHVLVWLYLW\ZDVDFKLHYHG+RZHYHUVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHWRS
DQG ERWWRP VLGH RI WKH VDPSOHV IRU DOO WUHDWPHQWV ZDV REVHUYHG 7KLV LV FDXVHG E\ QRQ
KRPRJHQRXVGLVWULEXWLRQRI0:&17VLQWKHFHOOXORVHQDQRILEUHVQHWZRUN
7KHREWDLQHGUHVXOWVVXJJHVWHGWKDWWKHPRVWFULWLFDOVWHSVLQ0)&0:&17VFRPSRVLWH
SUHSDUDWLRQ DUH WKH TXDOLW\ &17V VXVSHQVLRQ DQG HIILFLHQW VXUIDFH WUHDWPHQW WKDW ZRXOG
VHFXUH SURSHU0)&0:&17V LQWHUDFWLRQ 7KH &17V WUHDWPHQW KDV WR EH FKRVHQ LV VXFK
DZD\WKDWZLOOEHDEOHWRPDNHVWDEOH&17VVXVSHQVLRQDQGDWWKHVDPHWLPHRIIHUVJRRG
FRPSDWLELOLW\ZLWK FHOOXORVHQDQRILEUHV0RUH LQYHVWLJDWLRQ KDV WR EH GRQH LQRUGHU WRJDLQ
EHWWHU XQGHUVWDQGLQJ RI WKH VWUXFWXUHSURSHUWLHV UHODWLRQ RI WKH PDWHULDO EHFDXVH ERWK
FHOOXORVH QDQRILEUHV DQG FDUERQ QDQRWXEHV DUH PDWHULDOV ZLWK ODUJH SRWHQWLDO LQ PDQ\
GLIIHUHQW DSSOLFDWLRQV VXFK DV HOHFWURQLF GHYLFHV ELRVHQVRUV ¿HOG HPLVVLRQ GLVSOD\V
K\GURJHQVWRUDJHDQGFRPSRVLWHVRQDFFRXQWRIWKHLUH[WUDRUGLQDU\SK\VLFDOFKHPLFDODQG
VWUXFWXUDO SURSHUWLHV VXFK DV HOHFWULFDO PHFKDQLFDO DQG WKHUPDO FKDUDFWHULVWLFV >@
3URPLVLQJ UHVXOWV KDYH EHHQ SURGXFHG RQ WKH XVH RI FDUERQ QDQRWXEHV LQ YDULRXV
HOHFWURDQDO\WLFDO QDQRWXEHV GHYLFHV DQG DV HOHFWURPHFKDQLFDO DFWXDWRUV IRU DUWL¿FLDO
PXVFOHV7KHRSWLFDODEVRUSWLRQRIFDUERQQDQRWXEHVLQWKHQHDULQIUDUHGKDVEHHQXVHGIRU
WKHODVHUKHDWLQJFDQFHUWKHUDS\>@
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